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DIFFERENTIAL THERMAL ANALYSIS OF CLAYS AND SHALES, 
A CONTROL AND PROSPECTING METHOD* 


By R. E. Grif AND R. 4. ROWLANDT 


ABSTRACT 


The differential thermal method, by determining the thermal reactions undergone by 
a clay or shale, is a rapid means of identifying the mineral components of such materi- 
als, and because the properties of clays and shales depend largely on their mineral com- 
position, it is at the same time a rapid method of evaluating the properties of such ma- 
terials. 

Differential thermal analyses are presented for the pure forms and synthetic mixtures 
of the common components of clays and shales, namely, kaolinite, halloysite, illite, 
montmorillonite, quartz, gibbsite, boehmite, diaspore, dolomite, calcite, gypsum, or- 
ganic material, pyrite, marcasite, goethite, and limonite. 

Differential thermal analyses are presented also for a variety of well-known types of 
clays, and on the basis of the thermal data for the pure components, the mineral com- 
position is indicated. The correlation of mineral composition of clays and shales (as 
reflected in the differential thermal curves) with the ceramic properties is discussed as a 
basis for using this thermal method to indicate the properties of such materials. 

Finally, differential thermal analyses are presented for sequences of samples from the 
pits of several operating clay products plants in order to illustrate the way in which the 
method can be applied in prospecting and in plant control. 


ferent amounts of water which is lost at different tem 
peratures and because all clay minerals do not undergo 
the same changes in crystal structure on heating. 
A determination of the thermal reactions of a clay 
therefore provides data for the identification of its 
mineral composition. 

The differential thermal analytical procedure con- 
sists of heating the material at a constant rate up to 
1000°C., or as close to fusion as is possible experi 
mentally, and recording, by suitable devices, the 
intensity of the endothermic and exothermic effects 
and the temperatures at which they take place. 

The properties of clays and shales depend to a large 
extent on their clay-mineral composition.? It is 
usually possible, therefore, to predict certain properties 
of clays and shales from a determination of their clay- 
mineral content. The differential thermal procedure 
yields analytical data for the determination of the 
mineral composition of a clay in less than two hours. 
It is, therefore, a rapid method of getting important 
data regarding the properties of a clay or shale. The 


|. Introduction 

Students of clay materials are now generally agreed 
that clays and shales are composed essentially of ex 
tremely minute crystalline particles of one or more 
members of a small group of minerals known as the 
clay minerals.' The important clay minerals are 
primarily hydrous aluminum and/or iron silicate com- 
pounds, and when heated to the fusion point they are 
subject to a series of thermal reactions which ac 
company the loss of water and changes in crystal 
structure. The intensity of the thermal reactions and 
the temperatures at which they take place are not the 
same for all clay minerals because each contains dif 


* Presented at the Forty-Fifth Annual Meeting, Tlie 
American Ceramic Society, Pittsburgh, Pa., April 20, 
1943 (Structural Clay Products Division). Received Jan- 
uary 10, 1944. 

Published with the permission of the Chief, Illinois State 
Geological Survey, Urbana, III. 

t Petrographer and assistant petrographer (the latter 
on leave for war service), respectively, Illinois State Geo- 
logical Survey, Urbana, III. 


'R. E. Grim, ‘Modern Concepts of Clay Materials,’’ 
Jour. Geol., 50 [3] 225-75 (1942); Ceram. Abs., 21 [8] 177 
1942); Illinois State Geol. Survey Rept. Investigations, No 
80, 50 pp. (1942). 
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?R. E. Grim, ‘Relation of Composition to Properties 
of Clay,”’ Jour. Amer. Ceram. Soc., 22 [5] 141-51 (1939); 
Illinois State Geol. Survey, Information Circ., No. 45, 11 pp 
(1939) 
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speed of the method should make it valuable in plant 
practice, for example, in detecting variations in the 
ceramic properties of clays that look alike in the out- 
crop before they can cause trouble in the manufacturing 
process. In the past, the only rapid methods avail- 
able required expensive equipment and highly skilled 
manipulation. 

There are some ceramic properties, such as fired 
color, that are not revealed by the differential thermal 
method. Where such properties are important, the 
method is not adequate for plant control or prospect 
ing. The study of a large number of samples has 
shown, however, that in most cases the significant 
variations that occur in the particular clays used in an 


Fic. 1.—Thermal furnace setup showing two furnaces 
with autotransformer and potentiometer that can be 
switched to either furnace. 
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operation are indicated by this method. It will be 
shown also that the use of the method in a plant must 
follow preliminary work that correlates the differential 
curve characteristics and the ceramic properties of the 
particular clays to be used. After such a correlation 
has been established, the procedure becomes routine, 
and quantitative results may be obtained. 

The present paper records differential thermal 
analyses for the clay-mineral and nonclay-mineral 
components of clays as well as natural and synthetic 
mixtures of these minerals. It records also thermal 
analyses for a variety of clay materials and attempts 
to show how such analyses may be used practically 
to evaluate the properties of clays. 


ll. Apparatus and Analytical Procedure 

rhe differential thermal analyses presented herein 
were made in a furnace consisting of a horizontal tube 
of Alundum, 12 in. long and 2 in. inside diameter, wound 
in the middle with 46 ft. of coiled Kanthal A wire and 
surrounded with 4 in. of refractory insulating brick. 
A heating rate of approximately 10°C. per minute was 
obtained by placing a motor-driven autotransformer 
in the line (Figs. 1 and 2) 

The specimen holder was a nickel block | in. square 
and °/sin. deep with four holes each '/, in. in diameter 
and °/s in. deep, mounted on an Alundum cylinder that 
fitted inside the furnace tube. The sample was placed 
in one of the holes of the specimen holder, and calcined 
aluminum oxide (which undergoes no thermal reac 
tion up to 1000°C.) was placed in the other three holes. 
A platinum-platinum 10% rhodium thermocouple with 
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Fic. 2.—-Wiring diagram of differential thermal analysis furnace setup. 


Vol. 27, No 


— 
| 
| 
| 
VARIABLE OUTPUT | 
wiTH MOTOR | ~ 
— 
= 
= | 
— 
| | 
| 
| 
LAMPS 
| 
( 
a 
J | 
| fi 
Ue 
R 
di 
\ 


$00 600 700 800 9:00 1000 


TEMPERATURE - DEGREES C 


300 


Fic. 3.—Vertical scales for Figs. 4 to 14; these scales 
indicate temperature differences in degrees as recorded by 
peaks of thermal curves; scale A = 100 ohms series 
resistances; scale B = 200 ohms series resistance 


the junction in one of the masses of aluminum oxide 
was attached to a reflecting galvanometer, and the 
furnace temperature was recorded photographically. 
A similar thermocouple was placed in another of the 
masses of aluminum oxide and attached to a potentiom 
eter. The readings from the potentiometer were 
flashed onto the photographic record in order to eval 
uate the curve recording the furnace temperature 

A double-junction differential thermocouple, con 
sisting of two platinum leads joined by platinum 10% 
rhodium wire, was placed with one junction in the 
sample and the other in the remaining mass of aluminum 
oxide. When the temperature of the sample was 
greater or less than that of the aluminum oxide be 
cause of a thermal reaction, a potential difference was 
set up in the thermocouple. The differential thermo 
couple was attached to a second reflecting galvanometer 
and the temperature differences were recorded photo- 
graphically on the same sheet used to record the 
furnace temperature. 

By varying the series resistance in the differential 
thermocouple circuit, different vertical exaggerations 
can be obtained for the same temperature difference. 
Resistances up to 400 ohms were used, and on the 
diagrams (Figs. 4 to 17) scale A represents 100 ohms 
ind scale B represents 200 ohms series resistance. 
Varying the resistance is important because the magni- 


1944) 


°° 200° 300° 400° 00° @00 


Fic. 4. 
and hydrated halloysite, scale B; 
scale A (scales on Fig. 3). 


Typical clay minerals and clays; kaolinite 
illite and bentonites, 


tude of the thermal reactions is very different for 
different minerals, A vertical scale designed for the 
thermal reactions of kaolinite may thus fail to show 
the thermal reactions of the micas because the in 
tensity of the mica thermal reactions is about one tenth 
that of kaolinite. 

In Figs. 4 to 17, the differential curves are presented 
so that the endothermic effects (heat taken up) are 
represented by deflections downward and exothermi 
effects (heat given off) by deflections upward. In Fig 
3, the vertical scales used in most of the present work 
are given. The scales were constructed by measuring 
the swing of the galvanometer for known temperature 
differences. By applying the scales to the figures, 
the temperature differences represented by the peaks 
of each curve estimated. The initial endo 
thermic peak for the partially hydrated halloysite, for 
example, represents a temperature difference of about 
14°C., that is, the temperature of the hydrated halloy 
site lagged about 14°C. behind that of the furnace to 
produce this deflection of the curve. The tem- 
perature difference represented by the peaks can be 
estimated only because the reactions usually start 
making it necessary to select an arbitrary 
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Fic. 5.—Minerals found in some clays; gibbsite, boeh- 
mite, and diaspore, scale B; quartz, calcite, dolomite, and 
gypsum, scale A (scales on Fig. 3). 


base line of no temperature difference. The galvanom- 
eter, moreover, does not always return exactly to 
the neutral point at the end of a thermal reaction. 
No attempt has been made to draw a horizontal base 
line of no temperature difference because it would 
imply a degree of accuracy that the curves do not 
possess. 

The atmosphere in the furnace during the analyses 
of all samples was oxidizing. 

Each sample was ground to pass a 60-mesh sieve. 
Great care was taken to pack each one the same way in 
the specimen holder and to keep the positions of the 
thermocouple junctions constant. The weight of the 
sample was determined for each run. 

The apparatus used in the present work was con- 
structed in the laboratories of the Illinois State Geo- 
logical Survey. It would, of course, be possible 
to set up an automatic temperature control for the 
furnace heating rate and an automatic device to record 
the furnace temperature and the temperature of the 
clay specimen. Such automatic apparatus might be 
desirable for equipment to be used in actual plant 
practice. 

Experience has shown that the portion of the thermal 


curves below about 200°C. is not always precise, 
whereas the curves above this temperature can be 
duplicated in minute detail. Because the thermal 
reactions that take place below about 200°C. are fre- 
quently the result of adsorbed water, this part of the 
curve can be made more exact by drying the samples 
and then subjecting them to a constant humidity.* 
This procedure cannot be used for many natural clays 
where an irreversible moisture loss may take place on 
drying, and for plant control work, it would be un- 
necessary in most instances. 


lil. Differential Thermal Analyses of Common 
Clay-Mineral and Nonclay-Mineral Components 
of Clays and Shales 

The literature‘ contains numerous differential ther- 
mal analyses of various clay minerals,’ and conse- 
quently only brief mention is made here of analyses 
of the more important types. Differential thermal 
curves for only a few of the common nonclay minerals 
found in clays have been presented before. 

Kaolinite (Fig. 4) shows an intense endothermic 
reaction between about 550° and 650°C., a slight exo- 
thermic effect between about 650° and 950°C., and 
a very sharp exothermic reaction between 960° and 
990°C. 

Hydrated halloysite (Fig. +) exhibits a thermal curve 
like that of kaolinite except that the thermal reactions 
appear to take place at slightly lower temperatures. 
There is also an additional endothermic reactior be 
tween about 100° and 200°C. Hydrated halloysite 
changes irreversibly to halloysite at a low temperature 
(60°C.) with a loss of 2H,O and the disappearance of 
the initial endothermic peak. 

Illite ciay minerals (Fig. 4) show endothermic re 
actions between about 50° and 250°C., 500° and 
650°C., and 850° and 925°C. They show also an exo 
thermic reaction between about 925° and 980°C. The 
thermal reactions are of relatively slight intensity 
and may not be detected in apparatus set up for kao 
linites. The final endothermic and exothermic re- 
actions are subject to considerable variation from one 
illite to another, occasionally being so slight that they 
are scarcely detectable. 

Montmorillonite clay minerals (Fig. 4), like the 
illites, show three endothermic reactions and a final 


3R. E. Grim and R. A. Rowland, “‘ Differential Thermal 
Analyses of Clay Minerals and Other Hydrous Materials,”’ 
Illinois State Geol. Survey Rept. Investigations, No. 85, 34 pp. 
(1942); Amer. Mineralogist, 27 |11] 746-61; [12] 801-18 
(1942); Ceram. Abs., 22 |6] 107 (1943). 

*(a) F. H. Norton, ‘Critical Study of Differential 
Thermal Method for Identification of Clay Minerals,”’ 
Jour. Amer. Ceram. Soc., 22 [2] 54-63 (1939). 

(6) Jean Orcel, ‘‘Differential Thermal Analysis for 
Determination of Constituents of Clays, Laterites, and 
Bauxites,’’ Congr. Internat. Mines, Met. Geol. Appl., 7e 
Session, Paris, 1935, Geol., 1, 359-73; Ceram. Abs., 16 
[7] 218 (1937). 

(c) See also footnote 3. 

5 For discussion of the changes in the clay minerals 
causing the thermal reactions, see R. E. Grim and W. F. 
Bradley, ‘‘Investigation of Effect of Heat on Clay Miner- 
als, Illite and Montmorillonite,” Jour. Amer. Ceram. Soc., 
23 [8] 242-48 (1940); Illinois State Geol. Survey Rept. In 
vestigations, No. 66, 13 pp. (1940); see also footnote 3 
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exothermic reaction. Most montmorillonites provide 
curves differing from those of illites by showing the 
second endothermic reaction to be more intense and 
taking place at a temperature about 100° higher, 
that is, +700°C., and by more intense final endo- 
thermic and exothermic reactions. Some clay minerals 
that appear to belong to the montmorillonite group 
provide thermal curves (California bentonite, Fig.4) 
that cannot yet be distinguished from those for the 
illites. The available data suggest that the latter 
minerals are iron-rich and perhaps should be designated 
as nontronites. 

Quarts (Fig. 5) shows a sharp endothermic reaction 
of very low intensity at about 565°C., corresponding to 
the transformation from a@ to 8 form. It is usually 
impossible to detect a thermal reaction corresponding 
to the quartz-to-tridymite transformation at about 
870°C. 

Gypsum (Fig. 5) shows a double endothermic re- 
action between about 130° and 185°C. The first 
part of the double reaction is the larger and corresponds 
to the loss of 1'/. H,O with the change to the hemi- 


hydrate. The second part of the peak results from 
the loss of '/. H.O with the development of anhy- 
drite. The gypsum curves show also a faint exo- 


thermic reaction at about 370°C. of unknown signifi- 
cance. 

Gibbsite (Fig. 5) produces a single strong thermal 
reaction, endothermic between about 275° and 375°C. 

Diaspore (Fig. 5) shows a strong endothermic re- 
action between 500° and 600°C. and a very faint 
exothermic reaction at about 865°C. 

Boehmite (Fig. 5) yields a curve quite similar to 
that of diaspore. There is a suggestion that the 
thermal reactions take place at slightly higher tem- 
peratures in boehmite, but this point cannot be con- 
sidered as established. 

Calcite (Fig. 5) shows an intense endothermic re 
action, beginning at about 700°C. and ending abruptly 
at about 860°C. The galvanometer attached to the 
difference thermocouple frequently swings a_ short 
distance past the neutral point at the end of the car- 
bonate endothermic reaction. As a consequence, a 
false suggestion of an exothermic reaction appears on 
the thermal curve of samples containing calcite. 

Dolomite (Fig. 5) shows a double endothermic re 
action between about 775° and 860°C. The final part 
of the reaction yields a peak at about the same tem- 
perature as that given by calcite. 

Clarain and vitrain (Fig. 6), which are important 
components of coal, provide intense exothermic effects 
beginning at about 200°C. and ending near 600°C. 
The difference in detail shown by the curves may not 
be significant so that it cannot yet be concluded that 
this thermal method distinguishes between the com- 
ponents of coal. 

Pyrite and marcasite (Fig. 6) show intense exothermic 
reactions between about 400° and 550°C. plus a slight 
endothermic reaction between 600° and 700°C. The 
curves suggest that the exothermic reaction of pyrite 
extends to a slightly higher temperature than that of 
marcasite. 


(1944) 


200° 300° 400° soc* ang 
Fic. 6.—Organic materials and minerals found in some 


clays; clarain, vitrain, and limonite, scale B; marcasite, 
pyrite, and goethite, scale A (scales on Fig. 3). 


Limonite and goethite (Fig. 6) samples investigated 
gave endothermic reactions between 250° and 350°C. 
and between 340° and 425°C., respectively. The 
specific hydrates of ferric iron have not been well 
characterized, and the data herein presented are sig 
nificant only in indicating the temperature range in 
which characteristic endothermic reactions take place. 


IV. Differential Thermal Analyses of Prepared 
Mixtures of Clay Minerals and Nonclay Minerals 

The thermal curve for the mixture of equal parts of 
kaolinite and illite (Fig. 7) is dominated by the thermal 
reactions of kaolinite because the thermal reactions of 
this mineral are much more intense. The presence of 
illite is indicated by the initial endothermic reaction 
and the slight endothermic and exothermic effects 
preceding the final kaolinite exothermic reaction 
The second endothermic reaction of illite takes place at 
about the same temperature as the kaolinite endo 
thermic reaction and is therefore concealed. 

The montmorillonite and illite are indicated clearly 
in the thermal curve of a mixture of equal amounts of 
these minerals (Fig. 8) by the endothermic reactions 
at about 550° and 700°C., respectively. It must be 
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Fic. 7.—Synthetic mixtures of components of some 
clays; scale A, except 50% kaolinite; 50% illite mixture, 
scale B (scales on Fig. 3). 


emphasized that such a clear differentiation does not 
exist for all mixturesof these two groupsof clay minerals 
because the second endothermic reaction of some clay 
minerals that seem to belong to the montmorillonite 
group takes place at about the same temperature as that 
of illite. 

The differential thermal curves for the prepared 
mixtures of clay minerals and nonclay minerals (Figs. 
7 and 8) show the possibilities of this method of deter- 
mining the components of clay as well as its limitations. 
On the basis of these curves and a large number of ad 
ditional unpublished differential thermal analyses, the 
following general statements seem warranted: 

The initial endothermal peak is indicative of a clay 
mineral other than kaolinite, usually either an illite 
or montmorillonite inasmuch as these are common 
clay-mineral groups. If the reaction is sharp, that is, 
takes place within narrow temperature limits, a mont- 
morillonite rather than an illite is suggested. 

Organic materials give intense exothermic reactions 
beginning at about 200°C. and continuing until the 
furnace has reached 650° to 700°C. The reactions 
are so intense that the endothermic reactions taking 
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Fic. 8.—Synthetic mixtures of components of some clays, 
scale A (scale on Fig. 3), 


place in this temperature interval of all the clay min- 
erals except kaolinite and halloysite are apt to be con- 
cealed. 

Marcasite and pyrite give intense exothermic re- 
actions in about the same temperature range as organic 
material. The reaction begins at a higher temperature 
for the sulfides, which sometimes serves to differentiate 
them from organic material. 

Under the conditions of making differential thermal 
analyses, the reactions take place in an interval of 
time during which the temperature of the furance in- 
creases. In where the reactions take 
siderable time, the temperature of the peak of the 
reaction will vary, depending on the amount of the 
mineral causing the reaction. Thus, in the case of 
organic compounds, the temperature of the peak may 
vary several hundred degrees, depending on the amount 
of the material in the sample analyzed. The tem- 
perature at which the reaction starts in any case is 
significant rather than the temperature at the peak or 
at the conclusion of the reaction. 

In cases where intense reactions end abruptly, the 
recording galvanometer shows a tendency to swing 
past the neutral point, and the resulting curve will 
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Fic. 9.—Natural clays, scale B (scale on Fig. 3). 


suggest a reaction that has not taken place. For 
example, in the second curve from the top in Fig. 8, 
an endothermic reaction is suggested at about 675°C., 
whereas the sample contained nothing to give a re 
action at this temperature. 

The reaction for the carbonates is quite distinctive 
because it takes place in a temperature interval (800° 
to 850°C.) in which most other clay components show 
no reaction. Calcite in quantities as small as 5% can 
be closely estimated. 

The final exothermic reaction of kaolinite is sharp, 
intense, and diagnostic of this clay mineral. 

The final endothermic and exothermic reactions of 
illite and montmorillonite can usually be seen. These 
reactions are variable, however, and the variations 
seem to increase in mixtures; as a consequence, they 
must be used with caution. 


V. Differential Thermal Analyses for Clays of 
Various Types 

The differential thermal analyses shown in Figs. 
9% to 12 were selected from several hundred analyses of 
a large variety of clays. They are presented to indicate 
the clay-mineral composition of well-known types of 
clay and to illustrate the possibilities of the differential 
thermal method in obtaining such data. 
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Fic. 10.—Natural clays, scale B (scale on Fig. 3) 


Bauxitic kaolin (A), Georgia (Fig. 9) provides a 
thermal curve indicating that it is composed of kaolinite 
and gibbsite with the former considerably more 
abundant. The endothermic reaction at about 325°C 
indicates gibbsite, and the other thermal reactions 
are those of kaolinite. 

Bauxitic kaolin (B), Georgia (Fig. 9) provides a 
thermal curve like that of the foregoing sample except 
that the size of the gibbsite reaction is larger than that 
of the kaolinite, thereby indicating a relatively larger 
amount of gibbsite in this sample. The bauxitic 
kaolin (B, also shows a slight endothermic reaction 
at about 100°C., and the endothermic reaction at about 
600°C. is at a slightly lower temperature than in the 
bauxitic kaolin (A). These latter characteristics sug- 
gest that (B) is actually composed of halloysite rather 
than kaolinite or that the kaolinite is poorly crystalline 

Diaspore clay, Missouri (Fig. 9) gives a thermal curve 
with an intense endothermic reaction at about 540°C., 
indicating the presence of the mineral diaspore. 

Burley flint clay, Missouri (Fig. 9) gives a thermal 
curve that shows the intense endothermic reaction at 
about 600°C. and the exothermic reaction at about 
960°C. characteristic of kaolinite. A small amount 
of diaspore is indicated by the distinct hump at about 
540°C. 
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Flint clay, Missouri (Fig. 9) supplies a thermal 
curve suggesting that kaolinite is the only component; 
this curve, however, provides no explanation for the 
flintlike properties. 

Flint clay, Ohio (Fig. 9) gives a thermal curve also 
showing the thermal reactions of kaolinite. The inten- 
sity of the reactions, however, is smaller than would be 
expected if well-crystallized kaolinite made up the 
entire clay. This flint clay, on the basis of the thermal 
analysis, apparently contains either a component which 
shows no thermal reactions in addition to the kaolinite 
or the kaolinite itself has caused reactions of low in- 
tensity. Other analytical data (microscopic and 
chemical) suggest that kaolinite is the dominant com- 
ponent, and the latter interpretation seems to be the 
logical one. A considerable body of evidence has 
been accumulated showing that the intensity of the 
thermal reactions of the clay minerals generally is 
reduced as the crystallinity becomes less perfect. 

Ball clays, Tennessee, Mississippi, England, and 
Germany (Fig. 10) exhibit thermal curves which indicate 
by the endothermic reactions at about 600°C. and the 
exothermic reactions between 900° and 1000°C. that 
kaolinite is an important component. The initial 
endothermic peaks indicate that some other clay 
mineral is also present, and the character of the peaks 
suggests that it is an illite (X-ray diffraction data 
check the presence of illite). The English and German 
ball clays show exothermic reactions beginning about 
200°C. and ending about 650°C. that are the result 
of the burning of organic material. The curves for 
the other ball clays suggest only a trace of organic 
material. 

Ft must be emphasized that the foregoing state- 
ments regarding the ball-clay samples do not apply 
to all ball clays.* There are American ball clays, for 
example, with considerable organic material. The 
thermal curves, moreover, do not indicate another fac- 
tor that is vital in the composition of ball clays, namely, 
that the illite component must be very low in iron. 

The thermal curves for the ball clays show the ad- 
ditional fact that in natural clays composed of illite 
and kaolinite the second endothermic and final endo- 
thermic and exothermic reactions of the illite may be 
completely obliterated. 

Kaolin, Illinois (Fig. 10) provides a curve with ther- 
mal reactions indicating the presence of kaolinite. 
The kaolinite thermal reactions are of sufficient in- 
tensity to account for the entire composition of the 
clay, but there is an initial endothermic reaction some- 
what similar to those that have been interpreted as 
indicating an illite. X-ray diffraction analysis shows 
no illite in this sample, and another interpretation 
must be found. The kaolinite making up the clay is 
extremely fine grained and poorly crystalline which 
probably accounts for this thermal feature. 

Soft and hard kaolin, Georgia (Fig. 11) provide 
perfect kaolinite thermal curves. The faint initial 
endothermic reactions of the hard kaolin probably mean 

* C.G. Harman and C. W. Parmelee, ‘Testing and Classi- 
fication of Ball Clays: Thermal History,” Bull. Amer. 


Ceram. Soc., 21 [11] 283-86 (1942). 
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Fic. 11.—Natural clays, scale B (scale on Fig. 3). 


some imperfection in the crystallinity of the kaolinite. 

Plastic kaolin, Georgia (Fig. 11) gives a thermal curve 
that is characteristic of kaolinite with additional endo- 
thermic reactions at about 700°C. and between 100° 
and 200°C. The endothermic reaction at 700°C. 
suggests the presence of montmorillonite. Montmo- 
rillonite would account for the initial endothermic 
reaction and also explain the plastic properties of this 
kaolin. 

Sagger clay, Tennessee (Fig. 11) shows a thermal curve 
similar to those of some of the ball clays. Traces of 
iron adequate to cause variations in firing color would, 
of course, not be indicated by the thermal procedure. 

Glasspot clay, Germany (Fig. 12) gives thermal 
reactions indicating the presence of kaolinite. The 
faint initial broad endothermic reaction suggests a 
small amount of an illite. The reactions shown by the 
thermal curve are not intense enough to account for 
all the components in the sample, and a microscopic 
analysis has shown that about 50% of the clay is com- 
posed of very fine quartz. 

Wad clay, Tennessee (Fig. 11) shows a thermal curve 
about like that of the glasspot clay except that the 
first exothermic reaction is larger, indicating relatively 
more organic material. 
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Fic. 12.—Natural clays; slip clay and fuller’s earth, scale 
A; other clays, scale B (scales on Fig. 3). 


Fire clay, Ohio (Fig. 12) is from a clay deposit used 
extensively in making steel ladle brick. The endo- 
thermic reaction at about 575°C. and the final exo- 
thermic reaction indicate the kaolinite type of clay 
mineral. The initial broad endothermic reaction can- 
not be explained satisfactorily although it is known from 
other analytical evidence that the sample contains a 
considerable amount of an illite. The sharp exo- 
thermic reaction between 400° and 500°C. indicates 
pyrite. The sam~ie contains a considerable amount 
of quartz, whicl. accounts for the relatively low in- 
tensity of the thermal reactions. 

Plastic fire clay, Missouri (Fig. 12) exhibits a thermal 
curve indicating kaolinite and a smaller amount of an 
illite. 

Slip clay, New York (Fig. 12) contains carbonate 
as shown by the endothermic reaction at about 850°C. 
and pyrite and organic material as indicated by the 
exothermic reactions between about 300° and 500°C. 
Quartz is indicated by the distinct break in the curve 
at 575°C. The intensity of the thermal reaction for 
pure quartz is very slight so that a reaction of this 
intensity indicates a considerable amount (30% =) of 
this component. The clay-mineral component cannot 
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Fic. 13.—Samples of fire clay from clay pit of refractory 
plant, central IIll., scale B (scale on Fig. 3). 


be identified, except that kaolinite is not present 
because the reactions caused by the abundant non- 
clay-mineral components conceal those of the clay 
minerals. If kaolinite were present in appreciable 
amounts, it would be evident because of the intensity 
of its reactions. 

Fuller's earth, Georgia (Fig. 12) contains montmoril- 
lonite, according to the thermal curve data. The exo- 
thermic reaction between 400° and 500°C. indicates 
pyrite, and the endothermic peak between 500° and 
600°C. suggests nontronite or illite, probably the 
latter. 


VI. Correlation of Differential Thermal Charac- 
teristics and Ceramic Properties 

The thermal curves of the various types of clay 
illustrate certain general relationships between clay 
composition, as reflected in the curves, and ceramic 
properties that may be summarized as follows: 

(a) An endothermic reaction below about 200°C. 
usually indicates the presence of montmorillonite or 
illite. A clay material containing these components 
is apt to have high plasticity and high shrinkage and 
will probably be nonrefractory and will burn red. 
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Fic. 14.—Samples of fire clay from clay pit of refractory 
plant, northern IIl., scale B (scale on Fig. 3). 


In general, the larger this reaction, the higher are the 
plasticity and shrinkage. 

(b) Endothermic reactions between about 300° and 
550°C. usually indicate a hydroxide of alumina or 
ferric iron oxide. If the component is a hydroxide of 
alumina, the clay will be very refractory and will have 
low shrinkage. 

(c) A broad exothermic reaction between about 
200° and 600°C. is the result of organic material. 
Clays yielding such thermal reactions will frequently 
be very plastic and will require careful burning to 
insure complete oxidation of the carbon without ruin- 
ing the ware. 

(d) A sharp exothermic reaction between 400° 
and 500°C. indicates pyrite or marcasite. 

' (e) A sharp intense endothermic reaction at about 
600°C. and a sharp exothermic reaction at about 975°C. 
indicates the presence of kaolinite. A clay with this 


component is apt to be refractory and light firing and 
to have low plasticity and a relatively long vitrification 
range. 

(f) A clay with a slight endothermic reaction at 
about 500° or 700°C., followed by another endo- 
thermic reaction at about 900°C., and then a final 
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Fic. 15.—Samples of shale from pit of face brick plant, 
northern IIl., 50 ohmis series resistance. 


slight exothermic reaction is composed of illite or mont- 
morillonite. A clay containing either of these clay 
minerals is not refractory or light firing and is apt to 
have a short vitrification range. If the component 
is montmorillonite, it will also have high plasticity 
and shrinkage. 

(g) A small endothermic break at 575°C. shows the 
presence of considerable free silica (quartz) which 
will reduce the plasticity and shrinkage of the clay. 

(hk) A sharp intense endothermic reaction at about 
850°C. indicates the presence of carbonate and there- 
fore a clay requiring careful preparation and firing 
technique. 

It must be emphasized that experience and caution 
are necessary in interpreting the composition and 
properties from the differential thermal curve of a 
clay. In studying a large number of clays, some 
curves will be encountered that cannot be evaluated 
satisfactorily without additional analytical data from 
optical, X-ray, or chemical analyses. 

Vil. Application of Differential Thermal Procedure 
to Prospecting 

The curves shown in Figs. 13 to 17 represent dif- 
ferential thermal analyses of sequences of samples 
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Fic. 16.—Samples of shale from pit of face brick plant, 
southern IIl., 50 ohms series resistance. 


collected from the mines of several operating clay 
products plants. These figures illustrate the varia 
tions in curve characteristics that can be expected 
within a single pit and therefore the variations in 
ceramic properiies that can be detected by this method. 

(A) Refractory Brick Plant in Central Illinois 
(Pennsylvanian, Cheltenham Underclay): The mine 
shows 6 to 12 feet of gray-brown underclay that 
usually appears homogeneous from top to bottom. 
At some places in the mine, however, a sandy zone 
is present in the middle of the bed; at other places, 
a greenish shaly clay is interstratified in the lower part 
of the clay. 

The curves in Fig. 13 show the differential thermal 
characteristics of samples collected at :ntervals from 
the top to the bottom of the mine and at different 
lateral positions. Curves a and } from samples near 
the top of the mine indicate a kaolinite clay with 
some illite and a considerable amount of pyrite 
“Curves c and d from samples near the bottom of the 
mine at the same location (as a and b) indicate a clay 
composed of illite without kaolinite. Curve c¢ also 
shows the presence of pyrite. Curves e and f from 
samples near the top and bottom, respectively, at 
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Fic. 17.—Samples from clay pit of common brick plant, 
Chicago, Ill., 50 ohms series resistance 


another location in the mine indicate a clay com 
posed of kaolinite with some illite and pyrite. The 
amount of kaolinite is larger and the amount of illite 
and pyrite is smaller at the location of e and f than that 
of a and b. 

The plasticity and refractoriness of the clays 
as the relative amounts of illite and kaolinite vary. 
Samples e and f with the higher kaolinite content are 
more refractory than a and / from the same vertical 
position but at a different location in the mine. Sam 
ples ¢c and d without kaolinite are nonrefractory 

(B) Refractory Brick Plant in Northern Illinois 
(Pennsylvanian, Lower Pottsville Underclay): The pit 
shows 5 feet of gray-brown underclay (samples a4 
b, c, d) grading below into one foot of gray white 
underclay (sample e) 

The curves in Fig. 14 show that all the samples from 
the pit at this plant contain kaolinite, illite, pyrite, and 
organic material. The intensity of the reactions in a 
and b is less than would be expected for clays composed 
only of these minerals, and it is likely therefore that 
they also contain a considerable amount of free silica. 
The curves indicate that the relative abundance of 
these component minerals varies in clays selected from 
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different places in the pit. The ceramic properties of 
the clay change with these variations in composition. 

(C) Face Brick Plant in Northern Illinois (Penn- 
syluanian, Sheffield Shale): The pit shows about 16 
feet of yellow-green shale (samples a, b, c) grading below 
into about 8 feet of blue-gray shale (samples d, e). 

The curves in Fig. 15 show that all the samples from 
this pit are composed essentially of an illite. Samples 
< and 6 contain also a high percentage of quartz (free 
silica) as is shown by the endothermic break at about 
575°C. and by the relatively low intensity of the thermal 
reactions in comparison with those of the other samples. 
All the samples show some organic material, but d and 
e have more than the others. Samples c, d, and e 
contain pyrite, and e contains also a considerable 
amount of carbonate. 

The ceramic properties of the material vary with the 
foregoing variations in mineral composition, for 
example, the plasticity and the shrinkage decrease 
as the relative abundance of quartz increases. 

(D) Face Brick Plant in Southern Illinois (Penn- 
sylvanian, Shale Overlying Collinsville Limestone): This 
pit shows 10 feet of brown shale (samples a and 5) 
overlying 24 feet of blue shale (samples c, d, e, f). 

All of the samples from this pit, as shown by the 
curves in Fig. 16, are composed essentially of illite. 
The slight endothermic hump at about 575°C. in all 
the curves indicates the presence of a considerable 
amount of quartz. Each sample also contains organic 
material, and the curves indicate that this material is 
least abundant in the top (a) and bottom (f) samples. 

The greatest variation in the composition of the 
samples from this pit is in the relative abundance of 
the illite as shown by the variation in the intensity 
of the illite thermal reactions. The plasticity and 
shrinkage of the clay vary with this change in com- 
position. 

(E) Common Brick Plant, Chicago, Illinois (Pleisto- 
cene Till): This pit shows about 18 feet of light 


gray-blue till (sample a) overlying about 15 feet of 
dark gray till (sample d). The upper and lower tills 
are frequently separated by a thin (1+ foot) bed of 
gray silt. 

Samples a and d (Fig. 17) are raw glacial till with 
such large amounts of carbonate and organic material 
that the other components are concealed. Samples 
b, c, and e are the clay-size grade (—2 microns) of 
several tills from which the carbonate has been re- 
moved. These curves show that the dominant com- 
ponent of the clay-size grade is an illite. The curves 
show also that there is considerable variation in the 
composition of the clay grade which can be expected 
to cause important variations in ceramic properties. 
A distinct variation thus occurs in the amount of or- 
ganic material, and curve e shows an endothermic 
reaction between 600° and 700°C. suggesting the pres- 
ence of some montmorillonite-type clay mineral. 

It is evident from the foregoing differential thermal 
analyses of pit samples that the method is adequate 
to detect variations in the composition of clays and 
shales in a single pit that are responsible for significant 
variations in ceramic properties. The method is 
therefore a rapid means of evaluating the properties 
of clays and shales for plant control and prospecting. 
Before the method could be put to full use in a plant, 
however, it would be necessary to run a considerable 
number of curves of a range of samples representing 
the particular clays to be used and for which deter- 
minations of properties were available. These pre- 
liminary curves would provide a correlation of curve 
characteristics with clay properties and would form 
the basis for the later interpretation of the curves 
of samples with unknown properties. Only after these 
data were at hand could trustworthy interpretation of 
properties be made from the thermal curves. 
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FUNDAMENTAL STUDY OF CLAY: V, NATURE OF WATER FILM 
IN PLASTIC CLAY* 


By F. H. Norton aAnp A. L. JOHNSON 


ABSTRACT 


Using a pure monodisperse system of kaolinite particles of known diameter and thick- 
ness, it has been possible to calculate with a fair degree of precision the thickness of the 
water film separating the particles and the variation in thickness of this film for different 


pressures. 
acting between two clay particles. 


|. Introduction 


Among the most fundamental properties of the clay- 
water system are the dimensions and condition of the 
water film separating the individual particles. Several 
estimates have been made of this film thickness, but 
they have all been based on assumed particle dimen- 
sions. Norton and Hodgdon' computed the water- 
film thickness for an English china clay in the plastic 
condition as 0.3 micron. This large figure is the result 
of the inability at that time of making any measure- 
ments on the finer particles. Whittaker* later deter- 
mined a value of 0.002 to 0.005 micron on a fraction- 
ated kaolin. In the present paper, an attempt has 
been made to measure both the diameter and thickness 
of the clay particle and from this information to com- 
pute the water-film thickness. It has also been found 
possible to determine the stability of this water film 
under permeable pressure, and a simple law has been 
deduced correlating the force between two particles 
and the film thickness. 


ll. Simple Clay—Water System 


The clay particies used in this research were ex- 
tracted from a Florida kaolin by a continuous centri- 
fuge as described by Norton and Speil.* The size 
distribution of the monodisperse fraction is shown 
by Johnson and Lawrence‘ as fraction 6 in their Fig. 1. 
This fraction was thoroughly cleaned by removing the 
organic matter with hydrogen peroxide, and the ad- 
sorbed ions were replaced with hydrogen by long and 
repeated electrodialysis as described by Johnson and 
Norton,® so that there is every reason to believe that 
the specimens contained only pure kaolinite particles. 


* For presentation at the Forty-Sixth Annual Meet- 
ing, The American Ceramic Society, Pittsburgh, Pa. (White 
Wares Division). Received November 8, 1943. 

1 F. H. Norton and F. B. Hodgdon, “‘ Notes on Nature 
of Clay,’’ Jour. Amer. Ceram. Soc., 15 [3] 191-205 (1932). 

2? H. Whittaker, “‘Effect of Particle Size on Plasticity of 
Kaolinite,”’ zbid., 22 [1] 16-23 (1939). 

* F. H. Norton and S. Speil, ‘Fractionation of Clay into 
Closely Monodispersed Systems,” ibid., 21 [10] 367-70 
(1938). 

*A. L. Johnson and W. G. Lawrence, “‘Fundamental 
Study of Clay: IV, Surface Area and Its Effect on Ex- 
change Capacity of Kaolinite,” ibid., 25 [Sept. 1, No. 12] 
34446 (1942). 

5A. L. Johnson and F. H. Norton, “Fundamental 
Study of Clay: I, Preparation of Purified Kaolinite Sus- 
pension,” tbid., 24 [2] 64-69 (1941). 
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It has also been possible to calculate with considerable certainty the force 


This supposition, moreover, has been confirmed by 
X-ray patterns which showed nothing but the mineral 
kaolinite. The average diameter of the particles was 
determined by direct measurement of the plates taken 
with the electron microscope at a magnification of 
approximately 11,000. An average reading taken on 
100 particles showed an average diameter of 0.32 mi- 
cron. The plates were roughly hexagonal but rather 
broken on the edges like all sedimentary clays. 

The thickness of the plates is a much more difficult 
figure to obtain than the diameter because there is no 
direct way of measuring it. A good check was ob- 
tained, however, by two independent methods, and 
it is felt that the final figure is close to the truth. 

The first method consists in finding the settling 
velocity in the field of force of the centrifuge, assum- 
ing that the particles are disks with a diameter of 0.32 
micron and are falling through the water on edge, 
using equation (1) of Miiller.* 

— (b/a)?] 
3 — 2(b/a)* 
(1 — (b/a)*) 


R = 8/3 (1) 


1/3(x/2 — arc sin b/a) 


R = radius of sphere with same settling velocity. 
a = semithickness. 
b = semidiameter. 


The use of this equation has been illustrated by Kelley 
and Shaw’; they assume, and quite correctly, that the 
particle falls with random orientation in a gravitational 
field. In the field of the centrifuge where the force 
gradient is steep, the stable position of the particle 
can be parallel only to the path of motion. This posi- 
tion is shown in Fig. 1, where a particle is oriented at 
45 degrees. The forces acting on it in the field will 
produce a turning couple about the center, tending 
to rotate the particle to its stable edgewise position. 
Carrying out the calculation for the particles used here, 
the thickness is derived as 0.041, which gives a ratio 
of diameter to thickness of 7.7. 

The second method of determining thickness con- 
sists in mixing with the clay fraction a portion of finely 
ball-milled asbestos fibers; these fibers have been ground 
long enough to reduce them to a diameter approxi- 


* H. Miller, “Zur Allgemeinen Theorie der rachen Ko- 
agulation,”’ Kolloidchem. Bethefte, 27, 223-50 (1928). 

70. J. Kelley and B. T. Shaw, “Studies of Clay Par- 
ticles with Electron Microscope: III, Hydrodynamic Con- 
siderations in Relation to Shape of Particles,’’ Soil Sci. Soc. 
Amer. Proc., 7, 58-68 (1942). 
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Fic. 1.-——-Kaolinite particle in force field. 


mating the thickness of the clay plates. Electron 
photographs were then taken so that asbestos fibers 
and plates were shown in the same field. Photographic 
densities were measured for the image of the fibers 
as well as the kaolinite plates. The cross section of 
the asbestos fiber was assumed to be square, which 
seems reasonable as none of the photographs showed 
a ribbon effect at any place. The width of the image 
of the asbestos fiber under these conditions will corre- 
spond to its thickness and to the thickness of a plate of 
kaolinite having the same photographic density; 
therefore, if the width of the fibers is plotted against 
their photographic density, the plot can be used to 
find the thickness of plates of any particular density. 
This procedure was followed for 30 particles that 
were definitely single plates, and the resulting ratio of 
diameter to thickness ran from 3.1 to 17 with an aver 
age of 8.2, which is in remarkably good agreement with 
the ratio determined from the settling velocity. Al- 
though this asbestos fiber method of determining thick- 
ness is open to criticism because of the assumptions 
that the electron absorption of the asbestos fiber is the 
same as the equivalent thickness of a kaolinite crystal 
and that the cross section of the asbestos fiber is square, 
it is believed nevertheless that the thickness deter 
mination is precise within + 25%. 


Ill. Determination of Water-Film Thickness 
When this clay fraction is in the condition of maxi- 
mum plasticity, it has a linear shrinkage of 5%. Ifa 
random orientation of the plates is assumed, a situa- 
tion similar to that shown in Fig. 2 will occur, which 
means that for every 0.96 micron of the dry clay there 


0.96 


Fic. 2.—Schematic arrangement of kaolinite plates. 
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Fic. 3.—Cross section of mold. 


will be an average of ten water films. This average cor- 
responds to 10.4 films per micron of length, and if the 
shrinkage in drying is 5% or 0.05 micron, the indi- 


0.05 
vidual film thickness will then be 10 = 0.0048. 


The film thickness may also be calculated without 
assuming any particular type of particle orientation 
by computing the volume change in each particle due 
to the inclosing water layer and the corresponding film 
thickness. In this particular case, with a disk of 0.32 
micron in diameter and 0.04 micron thick, the volume 
will be 0.0032 cubic micron and the area 0.20 square mi 
cron. A volume shrinkage corresponding to 5% of 
linear shrinkage is equal to 15.8% of the dry volume. 
The increase in volume of each particle must therefore 
be 15.8 X 0.0032, or 0.00050 cubic micron, which is 
the volume of the water film surrounding each particle 
in the plastic state. If this figure is divided by 0.20 
sq. micron or the area of the particle, the thickness of 
this film comes out as 0.0025, which must be doubled to 
give the total film thickness between particles. This 
figure results in a value of 0.0050, which is substantially 
the same as calculated before. 
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TABLE I 
DIALYZED FLORIDA KAOLIN FRACTION OF 0.32-MICRON DIAMETER 
Pressure 1 Repulsive force 
“ Linear shrinkage Water Water-film between particles 
Lb./sq. in. Kg./sq. cm. (S)* (%)* thickness (yz) thickness (dynes) 
900 63.2 1.2 42 0.0013 770 0.126 
540 38.0 3.3 49 0036 250 076 
370 26.0 4.5 56 0050 200 052 
200 14.06 fe 60 0079 127 028 
100 7.03 11.7 79 0130 77 014 
47 3.30 14.2 96 0157 o4 0066 
15 1.05 23.8 123 0264 38 .0021 
8 0.56 26.0 133 .0290 35 .OO11 
4 0.28 30.8 .0340 29 .00056 
* Based on dry condition 
IV. Stability of the Water Film 02 01 007 005 004 003 
If a mass of clay and water is put under pressure in " THICKNES wCRONS fa" 
an apparatus permitting permeable pressing, an equili- 
brium volume is reached after a certain length of time 500} 
and the forces tending to hold the particles apart are 
just balanced by the external pressure. The higher - 
the external pressure, the thinner will be the water film  400- g 4p Ne 
and the greater the forces acting to separate the parti- \ 
cles. To determine the stability relations in the water a 
film, a small brass pressing chamber was made up simi- — 2 
lar to that described by Westman® except that the size $s 
was considerably smaller, first, to conserve the small 200— 4 
amount of fractionated kaolinite available, and second, a 
to permit reaching uniform equilibrium conditions 
through the specimen. The pressed specimens in 100-— 
general had a diameter of 25 mm. and a thickness of 
2mm. Disks of filter paper were used on each face | ' ' 
of the pressing chamber, and these could be readily 9 0 00 80 300 TT) 300 350 


stripped off before measuring and weighing the speci- 
mens. With the very thin specimens used as well as 
the moderate pressures, there was no appreciable 
increase in volume when the load was released. As 
shown by Macey,’ the elaborate method of flushing out 
the pistons described by Westman was not needed for 
thin specimens because the free water escaped in the 
pressing. A cross section of the pressing chamber is 
shown in Fig. 3. 

The clay-water mixture was put into the pressure 
chamber with a much higher water content than would 
result from the lowest pressure used. The load was 
then applied for one-half hour, which was sufficiently 
long to produce equilibrium in these particular speci- 
mens. After this length of time, the pressure was re- 
leased and the specimens were removed from the mold, 
immediately weighed, and measured accurately with 
micrometer calipers to the nearest hundredth milli- 
meter. They were then dried to 60°C., and the weight 
and dimensions were again taken. The volume shrink- 
age can be converted to average linear shrinkage and 
the water-film thickness computed by the method pre- 
viously described. The values shown in Table I were 
obtained by this method. 


8A. E. R. Westman, “Effect of Mechanical Pressure on 
Imbibitional and Drying Properties of Some Ceramic Clays, 
I,’’ Jour. Amer. Ceram. Soc., 15 [10] 552-63 (1932). 

*H. C. Macey, “‘Clay-Water Relationships and In- 
ternal Mechanisms of Drying, VI,’ Trans. Brit. Ceram 
Soc., 41 [4] 73-121 (1942); Ceram. Abs., 21 [11] 240 
(1942). 
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RECIPRICAL THICKNESS 


Fic. 4.—Relation of pressure to film thickness 


When pressure is plotted against film thickness, a 
hyperbolic relation is obtained; if the pressure is 
plotted against the reciprocal of the film thickness, a 
straight line results up to pressures of 500 Ib. as shown 
in curve A of Fig. 4. Above this pressure, crushing 
and bending of the particles make volume observations 
meaningless. 

The stability of the water film therefore can be ex 
pressed as a reciprocal function of the pressure. It will 
also be noted that the thickness of the water film varies 
between 3 and 30 my, depending on the pressure. This 
film thickness represents 30 to 300 molecules of water. 
It would be interesting to know if the reciprocal law 
holds to much higher pressures, but deformation of the 
particles makes such measurements impossible. 

Electrolytes are known to have a profound effect on 
the viscosity and yield point of a clay—water system, 
and it would therefore be assumed that the thickness 
of the water film for permeable pressure would vary 
with the electrolyte content. A set of specimens was 
made up by adding 9 me. of sodium hydroxide, which is 
a complete deflocculent in the slip, to the pure kaolinite 
crystals. The resulting values of film thickness are 
shown in curve B of Fig. 4 and indicate, as was sus 
pected, a thinner film for a given equilibrium pressure. 
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= Oxygen atoms in kaolinite face— O= Oxygen atoms in ice 


Fic. 5.—Correlation between oxygen atoms in kaolinite 
sheet and in ice. 


This change in film thickness amounts to a decrease of 
8% at high pressures and 30% at low pressures. 

A set of specimens made from another monodisperse 
kaolinite fraction of four times the average diameter of 
the first one was tested. The average film thickness 
was calculated as before, and the results are plotted as 
curve C in Fig. 4. Substantially the same film thick- 
ness was obtained in this case as with the finer fraction, 
which is a further substantiation of the reliability of 
these figures. In this case also, the same reciprocal 
relation between pressure and film thickness holds. 


V. Forces Acting Between Individual Kaolinite 
Particles 

Knowing the area of the kaolinite particle ana the 
intensity of pressure acting on the mass, the forces 
acting between two individual particles may be com- 
puted. As shown previously, the area of one particle 
is 0.20 sq. micron. An external presssure of 100 Ib. 
per sq. in. corresponds to 0.070 dyne per sq. micron. 
The force acting between two particles, therefore, would 
be one fifth of this or 0.014 dyne for 100 lb. of external 
pressure. For other pressures, the force acting between 
the particles is proportional and is given in Table I. 

This force acting to hold the two particles together 
must of course be exactly balanced by another force 
tending to separate them, and this latter force is re- 
presented by the strength in compression of the water 
film. There has been much speculation as to the 
nature of this force; the most convincing suggestion 
seems to be the strong attractive force of the kaolinite 
crystal for the water molecules in its immediate vicinity 
that builds up a film becoming more stable and thus 


able to bear greater compressive forces as the surface 
of the crystal is approached. This stability could 
well account for the reciprocal stability relation 
found in these experiments. The heat of wetting, 
the adsorption of moisture, and the close correspondence 
of the spacing of the atoms in the kaolinite structure 
with that of water crystals all confirm this theory. 
This latter relation, as brought out by Macey,* is most 
interesting and is illustrated in Fig. 5, where the cor- 
respondence of the O atoms in the kaolinite and ice are 
exact. 

As brought out by Winterkorn,'® calculations based 
on the heat of wetting lead to water pressures of ap- 
proximately 20 to 50,000 kg. per sq. cm. at the crystal 
face. Pressures such as these, according to the equilib- 
rium diagram for water by Bridgeman," will cause the 
formation of ice at ordinary temperatures of use. This 
is simply another way of saying the layers of atoms in 
the water close to the kaolinite face are so ordered by 
attraction forces of the kaolinite-atom network that 
they substantially form crystalline ice and as the layers 
build up they become progressively less and less 
ordered until after two or three hundred layers they 
are disordered as in water. 


Vi. Conclusions 

This clean monodisperse fraction of kaolinite has the 
following characteristics: 

(1) The particles average 0.32 micron in diameter 
and 0.04 micron in thickness. 

(2) The water-film thickness in the plastic condition 
averages 0.005 micron, or about 60 molecular layers. 

(3) Under conditions of permeable pressing, the 
thickness of the film varies inversely with the pressure 
up to 600 Ib. per sq. in., above which distortion of the 
particles occurs. 

(4) The actual force acting between two particles 
varies between 0.13 and 0.0006 dyne. 
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DEVITRIFICATION CHARACTERISTICS OF ALKALI-LEAD OXIDE-DOLOMITE 
LIME-SILICA GLASSES* 


By J. F. WHITE AND W. B. SILVERMAN 


ABSTRACT 


The devitrification characteristics of the field of compositions, which includes the 
commercial lime crystal glasses, were investigated. Tridymite was found to crystallize 


from glasses containing as low as 62% of SiOg. 
disilicate, and an unidentified compound were found to be primary phases. 


Tridymite, devitrite, diopside, sodium 
Potassium 


oxide (K,O), in general, lowers the liquidus temperature when it replaces Na,O. 


|. Introduction 

Alkali-lead oxide-lime-silica glasses have been used 
in the past chiefly in the manufacture of so-called lime 
crystal glassware and for the production of electric 
light bulbs. In present-day practice, however, this 
type of glass has been chiefly confined to the produc- 
tion of tableware. It is distinguished from full crystal 
glassware insofar as it contains some sodium oxide and 
an appreciable quantity of lime. The full crystal com- 
positions contain only potassium oxide, lead oxide, and 
silica. This type of glass has been entirely superseded 
by soda-lime-silica compositions for the manufacture 
of machine-made electric light bulbs. 

All crystal glassware is manufactured by hand 
methods which necessitate a glass of long working 
range. The pot from which the glass is gathered is 
sometimes kept at a relatively low temperature so that 
a sufficient quantity of glass can be gathered to form 
a large gob. This procedure necessitates a glass of very 
low liquidus temperature. 

The range of compositions for this type of glass is 
very wide, the lead oxide content varying from 6.0 to 
20.0%. The potash varies from 0 to 40.0% of the total 
alkali. Dolomite lime is usually present in quantities 
from 3.0 to 11.0%. Potash often replaces soda to im- 
prove the so-called ring quality of the glass by de- 
creasing the rate of decay of the vibrations set up when 
the glass is struck by some object. Potash is also sup- 
posed to increase the brilliance of the glass. No meas- 
urement of the liquidus temperature of this type of 
glass apparently has ever been published. 


ll. Method 


The temperature gradient method was used to de- 
termine the liquidus temperatures and has been fully 
described elsewhere.! The method, briefly, consists 
of bringing to equilibrium a glass which is subjected to 
a uniform temperature gradient from a temperature 
above its liquidus to another considerably below it. A 
temperature probe of the furnace is made after it is 
certain that equilibrium has been reached. 

Glasses having liquidus temperatures below 1700°F. 
are run in a base metal-wound furnace whose maximum 
temperature is about 1700°F. The temperature gradi- 


* Presented at the Forty-Fifth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 21, 1943 
(Glass Division). Received September 7, 1943. 

1 W. B. Silverman, “Effect of Alumina on Devitrification 
of Soda-Lime-Silica Glasses,’ Jour. Amer. Ceram. Soc., 22 
[11] 378-84 (1939). 
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ent of this furnace is about 60°F. per in. The maxi- 
mum temperature of the furnace in all other instances 
is kept as close to the liquidus temperature as is practi- 
cal in order to minimize the volatilization of the lead 
oxide from the glass surface. No trouble is encountered 
in removing the glass from the platinum boat. 

The primary phases are identified by microscopic 
examination of thin sections. 


lll. System of Glasses Investigated 

The glasses of this series were made from the follow- 
ing commercial raw materials: Ottawa silica sand, raw 
dolomite limestone, soda ash, pearl ash, potassium 
nitrate, sodium nitrate, and lead silicate (PbO 85% 
and SiO, 15%). 

Considerable difficulty was encountered in obtaining 
homogeneous glass when melts were made in a large 
platinum crucible containing 4 to 5 Ib. cf glass. Analy- 
ses showed variations of the order of 2% PbO in the 
same cylinder of glass, formed by vacuum filling an 
iron mold. The cylinder was about 7 in. long and 
weighed about 1 Ib. This difficulty was overcome by 
remelting each of the glasses twice after crushing the 
entire melt until it passed a 6-mesh screen. The glass 
was stirred several times during each melting process 
with an alloy stirring rod. The glass used for the 
actual liquidus temperature determination was the re- 
mainder of the samples prepared for analysis. 

The range of compositions covered was restricted by 
the following limits: 


(%) (% 
SiO, 54-78 Na,O 6-16 
PbO 8-20 K,O 0- 6 
CaO-MgO 2-10 


The glasses were divided into three groups containing 
2, 6, and 10% of CaO-MgO, and the total alkali con- 
tent was restricted at two levels of 12% and 16%. The 
lead oxide replaced the silica in steps of 4% from the 
level of 8 to 20% of lead oxide. Potassium oxide re 
placed Na,O only in the glasses containing 6% of 
dolomite. This replacement was made in steps of 
3%, both at the 12% and at the 16% total alkali levels. 
Forty analyzed glasses were used in the series. 

It was found desirable in several instances to mix 
adjacent compositions for additional information on 
the locations of phase boundaries or the course of the 
isotherms through the system. This procedure was 
particularly useful when there was a large difference in 
the liquidus temperature between two adjacent glasses 
in the regular system. 
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TABLE I* 
Composition, Liguipus TEMPERATURE, AND PRIMARY PHASES OF TEST GLASSES 
Glass Liquidus 
No SiO: RO: CaO MgO PbO Na:O K:0 Total temp. (°F.) Phase 
1 73.7 0.1 1.2 0.9 7.7 16.0 99.6 2090 Tridymite 
2 69.9 1.1 0.9 | 16.1 99.8 1850 
3 65.9 1.0 15.6 16.1 99.8 1645 
4 61.9 l 1.2 0.9 19.5 16.0 99.6 
5 69.8 2 3.6 2.5 7.8 16.1 100.0 1620 vi 
6 65.5 l 3.6 2.6 11.7 16.0 99.5 1450 Devitrite 
7 61.6 l 3.6 2.5 15.6 16.1 99.5 1505 = 
8 57.8 1 3.6 2.6 19.4 16.2 99.7 1560 ? 
gy 69.8 l 3.6 2.6 7.8 13.1 3.0 100.0 1600 Tridymite 
10 66.0 l 3.6 2.6 11.9 13.0 3.0 100.2 1500 ” 
11 61.8 l 3.6 2.6 15.6 13.1 3.0 99 .§ 1460 Devitrite 
12 58.1 afl 3.5 2.5 19.5 13.2 3.0 99.9 1515 “ 
13 69.9 a 3.5 2.5 7.9 10.0 6.0 99.9 1540 Tridymite 
14 66.0 3 3.5 2.5 11.7 10.0 6.0 99.8 1435 Devitrite 
15 61.9 1 3.6 2.5 15.9 9.9 6.0 99.9 1470 “ 
16 57.6 % 3.6 2.5 19.6 10.1 6.0 99.5 1460 
17 65.9 1 5.9 4.1 - tb 16.0 99.7 1625 
18 61.4 ia 6.0 4.2 11.7 16. 99.6 1655 
19 57.6 2 6.0 4.2 15.6 16.2 99.8 1675 a” 
20 54.1 1 6.0 4.2 19.4 16.0 99.8 1685 ? 
21 77.6 a 1.2 0.9 7.8 12.1 99.7 n.d. Tridymite 
22 73.9 a 1.2 0.9 11.5 12.2 99.8 2325 ™ 
2 69.9 1 1.2 0.9 15.3 12.2 99.6 2235 . 
24 65.8 1 0.9 19.6 12.2 99.8 2015 
25 73.7 1 3.6 2.5 me 12.0 99.6 2200 “ 
26 69.9 a 3.6 2.5 11.5 13.1 99.7 2060 
27 65.5 Je 3.6 2.6 15.7 12.2 99.7 1825 
28 61.5 l 3.8 2.6 19.3 12.2 99.5 1630? 
29 73.8 l 3.6 2.5 7.8 9.1 3.0 99.9 2160 
30 69.2 l 3.6 2.6 12.0 9.1 3.0 99.6 2010 
31 65.8 l 3.6 2.6 15.4 9.1 3.0 99.6 1795 ” 
32 62.1 1 3.5 2.5 19.5 9.1 3.0 99.8 1615 
33 73.9 l 3.5 2.5 7.8 6.0 6.0 99.8 2115 
34 70.1 a 3.5 2.5 11.7 6.0 6.0 99.9 1955 
35 65.4 2 3.7 2.6 15.7 6.0 6.0 99.6 1790 
36 61.6 2 3.7 2.5 19.6 5.9 6.1 99 .6 1625 
37 69.5 6.0 8.1 11.9 99.7 1810 
38 66.4 1 5.9 an | 11.4 12.0 99.9 1805 Diopside 
39 61.4 2 6.0 :.2 15.9 12.2 99.9 1800 ™ 
40 58.2 a 5.9 4.1 19.3 12.0 99.6 1775 


* The authors wish to acknowledge the contributions of Paul Close and Chester Malysiak to this work. 


Mr. Close 


supplied the chemical analyses and Mr. Malysiak prepared the glasses for the study. 


TABLE II 
CompPosITION,* Liguripus TEMPERATURE, AND PHASES OF ‘‘IN-BETWEEN’’ GLASSES Not ANALYZED 
Q 


Liquidus 


\- SiO: R:Os CaO MgO PbO Na:O Total temp. (°F.) Phase 
41 55.9 0.1 6.0 4.2 7.5 16.1 99.8 1550 Devitrite 
42 56.9 1 6.0 4.2 18.5 16.1 99.8 1490 ? 

43 67.9 2 4.7 3.3 Pei 16.0 99.8 1510 Devitrite 
44 60.6 1 3.6 2.6 16.6 16.1 99.6 1500 ? 
45 59.7 l 3.6 2.6 17.5 16 99.6 1515 ? 
46 71.8 1 2.4 1.7 7.8 16.0 99.8 1810 Tridymite 
47 67.7 2.4 16.( 99.7 1650 
48 63.7 1 2.4 15.6 16.1 99.7 1325 
49 59.7 1 2.4 By 19.4 16.1 99.7 1485 ? 
50 59.9 1 4.8 3.3 19.3 2.1 99.6 1675 Diopside 


* No K,0 present in these glasses. 


Complete analyses as well as the liquidus tempera- 
tures and primary phases of each of the glasses are 
given in Table I. The compositions, liquidus tem- 
peratures, and phases of the “‘in-between”’ glasses that 
were not analyzed are given in Table IT. 


IV. Discussion of Results 


The individual determinations of the liquidus tem- 


perature and primary phase are listed in Tables I and 
II. The liquidus isotherms of Figs. 1 to 4 are drawn 
from the original data. The circles represent actual 
compositions determined by chemical analyses. The 
crosses represent compositions obtained by blending 
adjacent glasses in the regular series. 

It is not possible to present all of the variables at 
once in a single plane. Phase diagrams, therefore, 
have been drawn which cover only the greatest number 
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of glasses. Figure 1 represents a CaO-MgO*-PbO- 
SiO, phase of the quaternary system NaxO-CaO-Mg0O- 
PbO-SiO, at the 12% soda level. Tridymite and 
diopside are the only compounds occurring as primary 
phases. In contrast to glasses containing no lead oxide, 
tridymite is the primary phase for glasses of relatively 
low silica content. Morey and Bowen? have indicated 
that the boundary line between tridymite and other 
compounds lies approximately at 74% SiO, for the 
glasses and the 
glasses.* 

When tridymite is the primary phase, the replace- 
ment of SiO, by either lead oxide or dolomite lime 
lowers the liquidus. The dolomite-lime replacement 
lowers the liquidus temperature at twice the rate of the 
PbO for SiO, substitution in the entire tridvmite area 
investigated at the 12% Na,O level. 

When diopside is the primary phase, the liquidus 
isotherms, for all practical purposes, are parallel to the 
lines representing constant dolomite-lime content, that 
is, the replacement of PbO for SiO, will not change 
the liquidus appreciably. The glasses suitable for hand- 
working at this level of soda in general are confined to 
compositions falling to the right of the 1800°F. iso- 

* The CaO-MgoO is considered as a single variable be 
cause the ratio of lime to magnesia is constant and equal 
to the ratio that exists in dolomite limestone 

2G. W. Morey and N. L. Bowen, “‘Ternary System 
Sodium Metasilicate—-Calcium Metasilicate-Silica,”’ Jour 
Soc. Glass Tech., 9 [35] 226-64 (1925); Ceram. Abs., 
5 [2] 63 (1926). 

* W. B. Silverman, “Effect of Alumina on Devitrification 
of Sodium Oxide-Dolomite Limc-Silica Glasses,’’ 
Amer. Ceram. Soc., 23 [9] 274-81 (1940) 
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Fic. 2.—Glasses containing 16% Na,O 


therm in the tridymite area and below the 1S800°F 
isotherm in the diopside area. 

Figure 2 is a summary of the data of glasses con- 
taining 16% of Na,O. It represents glasses at the 16% 
soda level of the quaternary system Na,O-CaO-MgO- 
PbO-SiO,. Four compounds appear as primary phases 
in this group, namely, tridymite, devitrite, sodium 
disilicate, and an unknown compound. 

The properties of the unknown crystal do not check 
with the constants of any reported compound of the 
Na,O-CaO-Si0, system.? The maximum and mini- 
mum indices of refraction measured on the devitrifi 
cation product of glass No. 20 are 1.605 and 1.588. 
The crystals assume the form of blades strongly re 
sembling wollastonite. 

Some of the liquidus temperatures of the glasses in 
this group are what would ordinarily be considered very 
low, yet they come to equilibrium as quickly as do 
many of the more readily devitrifiable soda-lime com- 
positions used for bottle manufacture. For instance, 
although glass No. 6, whose liquidus is 1450°F., has a 
viscosity at the liquidus temperature in the order of 
300,000 poises, this glass reached equilibrium in two 
days, the time ordinarily necessary for thorough de 
vitrification of bottle glasses whose primary phase is 
wollastonite. 

Glass No. 4 of the group will not devitrify. 

Tridymite is the primary phase for the glasses of 
higher SiO, content, but many of the compositions in 
this area have low liquidus temperatures. It is apparent 
from the data that the replacement of SiO, by CaO-- 
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MgO is about twice as effective in lowering the liquidus 
as the substitution of PbO for SiOz. 

The spacing of the isotherms in the devitrite area 
shows it to be quite flat. The liquidus temperatures 
rise as the CaO-MgO content is increased. Glasses 
containing between 14% and 15% of PbO at any given 
lime content show a maximum liquidus temperature. 
As the compositions approach the boundary between 
devitrite and the unknown phase, the liquidus tem- 
peratures drop quite rapidly. 

Sodium disilicate appears as primary phase in one of 
the unanalyzed glasses. This glass has the lowest meas- 
ured liquidus temperature of the entire series. The 
unknown phase crystallizes from glasses of higher 
lead oxide content. The liquidus isotherms are closely 
spaced in this area at the 10% CaO-MgoO level, indi- 
cating a rapid rise in the liquidus temperatures for com- 
positions near the boundary between devitrite and the 
unknown compound. At lower lime contents, the rise 
in liquidus is at a considerably slower rate as indicated 
by the wider spacing of the isotherms. 

Figure 3 represents a series of glasses containing 12% 
of total alkali and 6% of CaO-MgO. The variables 
are lead oxide, silica, and potash substituted for soda 
only. ll glasses fall in the tridymite area. The 
replacement of soda by potash lowers the liquidus only 
when there is more than 62% of SiO,.. The 1800°F. 
isotherm is about parallel to this silica content, and 
glasses in which K,O would be effective in lowering the 
liquidus, in general, would fall outside the usable com- 
positions for lime crystal ware. In the usable range 
of compositions indicated on this diagram, K,O con- 
tributes nothing toward a lower liquidus. 

Figure 4 summarizes the data of the group of glasses 
at the higher total alkali content of 16% in which part 
of the Na,O is replaced by K,O. All of the glasses in 
this group contain 6% of CaO-MgO. Tridymite, de- 
vitrite, and the unknown compound appear as primary 
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Fic. 4.—Glasses containing 16% total alkali and ¢: 
CaO-MgO 


phases. When tridymite is the primary phase, some 
reduction in liquidus temperature obviously can be 
obtained by replacing part of the soda by K,0O. The 
devitrite field is very flat, and there is little change in 
the liquidus temperature when K,O replaces Na,O or 
when PbO replaces SiO,. A maximum in liquidus 
temperatures occurs in the devitrite area when com- 
positions fall close to the boundary line between it and 
the unknown compound. 

The area in which the unknown compound is the 
primary phase is very restricted, and a 3% substitu- 
tion of K,O for Na,O shifts the primary phase back 
into the devitrite area. The slope of this field is very 
flat, indicating small variations in liquidus tempera- 
ture with composition changes at 6% CaO-Mg0O con- 
tent. 


An attempt was made to determine the composition of 
the crystals that form when glass No. 20 devitrifies. The 
procedure used was as follows: 

A heavy liquid, whose density corresponds to the den- 
sity of the devitrified lump, was prepared from s-tetra- 
bromethane and isopropyl salicylate. The devitrified 
sample was crushed to pass a 100-mesh screen, and all 
material finer than 200-mesh was removed. The powdered 
material was then suspended in the heavy liquid, and 
the light fraction was removed from the surface after the 
liquid separating the heavy and light fractions was free 
from suspended material. 

The light fraction was examined microscopically and 
was found to consist entirely of glass. The denser frac- 
tion was then suspended in s-tetrabromethane; the light 
fraction, which contained both crystalline and glassy 
material, was discarded. The denser material was retained 
for microanalysis. This fraction was about 10% by weight 
or the original sample and was known to contain some 
glass. The moisture content was also reported in the 
actual analysis. 
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Polariscopic Examination of Glass Container Sections 


The analysis of the denser material was as follows: 


Actual (%) Calculated to 100% 
SiO, 51.9 55.6 
CaO 11.0 11.8 
MgO 1.0 1.1 
Na,O 14.7 15.7 
PbO 14.8 15.8 
93.4 100.0 


Because the ratio of CaO to MgO in this fraction has 
changed considerably from the ratio of the two oxides as 
they exist in glass No. 20 and because it is known that 
some glass was present in the sample, all of the MgO is 
assumed to come from this source. If the analysis is 
corrected for this assumption, the crystalline material 
should have the following analysis: SiO, 56.0, CaO 13.9, 
Na;O 15.6, and PbO 14.5. The molecular composition 


S85 


would then be SiO, 14.4, CaO 3.8, Na,O 3.9, and PbO 1.0 
parts. 
V. Conclusions 

(1) It may be said that glasses containing 16% of 
total alkali and more than 8% of lead oxide in general 
will have liquidus temperatures sufficiently low that 
they may be used for the production of lime crystal 
glassware. 

(2) Replacement of SiO, by CaO-MgO is consider- 
ably more effective in reducing the liquidus tempera- 
ture than that of SiO, by PbO when tridymite is the 
primary phase. 

(3) Potassium oxide is sometimes effective in re- 
ducing the liquidus temperature when it replaces 


Na,O. 


Generac Researce 
Giass ComPANY 


POLARISCOPIC EXAMINATION OF GLASS CONTAINER SECTIONS* 


By Tue Grass Container Association Rinc SecTrion 
OF THE STANDARD TESTING PROCEDURE COMMITTEE! 


ABSTRACT 


The ring-sec*ion technique has been studied by the Standard Testing Procedure Com- 
mittee of the Glass Container Association, and a tentative Standard Method of Examin- 
ing and Grading Glass Container Ring Sections is proposed. The scope, method, and 
frequency of sampling, method of examination, and the methods used for ware-quality 
grading and glass-quality grading are described. 


|. Introduction 


In the use of the polarizing microscope and polari- 
scope for estimating the homogeneity of sections cut 
from various portions of glass containers, attempts 
have been made to predict the serviceability of the 
ware from the location and amount and type of cord ob- 
served. Among the previously published descriptions 
of this technique are those of Lester,' Swicker,? and 
others.? Lester pointed out the value of the micro- 
scopic examination of glass sections as an aid to factory 
control. Swicker detailed the method in his paper and 
supplied colored illustrations showing sections of vari- 
ous degrees of cordiness. He also proposed a grading 
system which has been followed by some laboratories. 
This system is based partially on glass quality and par- 


* Presented at the Forty-Fifth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 21, 
1943 (Glass Division). (This paper was listed as “‘Stand- 
ard Method of Examining and Grading Glass Container 
Ring Sections’ by W. R. Lester.) Received November 
2, 1943. 

+ R. F. Ferguson, L. G. Ghering, W. R. Lester, K. C. 
Lyon, W. B. Silverman, and V. C. Swicker. 

t U. E. Bowes, F. C. Flint, E. O. Hiller, K. C. Lyon, 
and L. C. Roche. 

1 W. R. Lester, ‘Use of Polarizing Microscope in Factory 
Control,”’ Glass Ind., 13 [2] 19-20 (1932); Ceram. Abs., 11 
[4] 235 (1932). 

?V. C. Swicker, “‘Ring-Section Examination of Glass 
Containers,” Bull. Amer. Ceram. Soc., 18[4] 143-47 (1939). 

* “Permanent Tensile Stresses in Glass,’ Glass Ind., 18 
[2] 41-44 (1937); Ceram. Abs., 16 [5] 147 (1937). 


(1944) 


tially on ware quality. The weakening effect of tension 
cords at the outer surface is emphasized by Swicker, 
who supplies data showing the relationship between 
cord grading and thermal shock test results. The 
Swicker method is an excellent technique of examination 
and constitutes a basis for well-conceived opinions, but 
it is not entirely satisfactory for systematic evaluation 
of cord in its present form. 

An anonymous article’ suggests that excessive 
stresses due to certain types and locations of cord may 
weaken a glass object. The ring-section examination 
is suggested as a means of studying the stresses in the 
glass, and a Babinet compensator is recommended for 
their evaluation. This article also cites some instances 
in which breakage of ware has been attributed to appre- 
ciable permanent stress in the glass. 

It has been recognized that although the polariscope 
exatr nation‘ of the whole container may indicate the 
presence of cord it is not suited to quantitative grading. 
(The immersion polariscope is particularly useful in 
determining the location of cords.) 

If the cord condition is severe, its weakening effect 
may be detected by use of the thermal shock® or sus- 


* Tentative Method of Polariscopic Examination of 
Glass Containers, A.S.T.M. Designation C 148-40T, 
Amer. Soc. Testing Materials Standards, 1940 Suppl., Part 
II, pp. 229-31. 

§ Tentative Method of Thermal Shock Test on Glass Con- 
tainers, A.S.T.M. Designation C 149-40T, ibid., pp. 232- 
34. 
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tained pressure® tests. The interpretation of the re- 
sults from these over-all strength tests, however, is 
frequently complicated by distribution, surface condi- 
tion, or other elements of variability in the fabrication 
of the ware. For this reason, attempts to evaluate 
cord by “‘over-all” stress testing must be accompanied 
by a careful study of any breakage which may result 
from the test to determine if such is due to cord or to 
one of the several other possible causes.’ 

Because of the complications of interpretation of test 
breakage in the usual stress tests, it seems preferable to 
rely on a direct examination method as proposed by 
previously named authors* but to devise the necessary 
modifications in order to attain an impersonal and sys- 
tematic evaluation. The tentative method given 
herein is confined to the examination and grading of 
ware quality or serviceability as related to cord or other 
permanent strains. 

The Committee responsible for the presentation of 
the procedure outlined here is considering the standardi- 
zation of a factory control method of evaluating glass 
quality, as distinguished from ware quality, by the use 
of the same sections examined in polarized light. The 
latter method will be of value as a control for following 
trends of glass quality. 


ll. Tentative Standard Procedure for Examining 
Ring Sections of Glass Containers 


(1) Scope 

The ring-section examination is made for the purpose 
of judging the quality of glass containers with respect 
to inherent strains. These-strains are usually the re 
sult of an inhomogeneous condition in the glass. An 
evaluation of these strains, especially tensile strains, 
assists in predicting the serviceability of the ware 
The procedure is applicable to most commercial con 
tainers but not without modification to the ware which 
is purposely given a high compressive strain on both 
surfaces by processes such as tempering. The method, 
moreover, is not applicable to opaque glasses. 


(2) Equipment 

A polarizing microscope with a removable analyzer 
is recommended, but a polariscope with a low-power 
magnification (about 15 X) may be used. Either in- 
strument must be equipped with a sensitive tint plate 

6 Tentative Method of Hydrostatic Pressure Test on 
Glass Containers, A.S.T.M. Designation C 147-40T, 
Amer. Soc. Testing Materials Standards, 1940 Suppl., Part 
II, pp. 226-28. 

7(a) F. W. Preston, ‘Study of Rupture of Glass,” 
Jour. Soc. Glass Tech., 10 [39] 234-69 (1926); Ceram. 
Abs., 6 [3] 97 (1927). 

(b) F. W. Preston, ‘‘Propagation of Fissures in Glass 
and Other Bodies with Special Reference to the Split- 
Wave Front,’’ Jour. Amer. Ceram. Soc., 14 [6] 419-27 
(1931). 

(c) F. W. Preston, ‘‘Bottle Breakage, Causes and Types 
of Fractures,’ Bull. Amer. Ceram. Soc., 18 [2] 35-60 
(1939). 

(d) J. B. Murgatroyd, ‘“‘Significance of Surface Marks 
on Fractured Glass,’’ Jour. Soc. Glass Tech., 26 [115] 
155-71T (1942); Ceram. Abs., 21 [11] 233 (1942). 

* See references 1, 2, and 3. 
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having a standard retardation of 565 my and a graduated 
quartz wedge assembly. The latter assembly consists 
of an ocular, a graduated quartz wedge and wedge 
holder, and a cap analyzer. An improvised wedge is 
described in Appendix A. Supplementary equipment 
consists of various-sized, strain-free immersion dishes, 
and a suitable immersion liquid, such as monochloro- 
benzene or any other liquid or solution of liquids having 
a refractive index approximately the same as that of the 
glass which is to be examined. 


(3) Frequency of Examination 

One bottle from each shop shall be examined every 
twenty-four hours as a minimum requirement. As cord 
strain in the glass increases, more frequent examina- 
tion is necessary. 


(4) Location of Section® 

(A) Flow process: With containers made by the 
flow process, routine samples shall be cut from the 
upper third of the side wall. When the glass quality 
is questionable, additional sections shall be cut from 
the center and lower thirds of the side wall. 

(B) Suction Process: With containers made by the 
suction process, routine samples shall be cut from the 
lower third of the side wall, with additional samples 
from the other zones when glass quality is questionable. 

(C) Pressed Ware: In the case of containers made 
by straight pressing methods, the minimum requirement 
is that the section be cut from the middle of the barrel 
of the container. When the glass quality is question 
able, sections must also be cut from other positions. 

(D) Base Sections: As a further precaution in the 
case of suspected ware, vertical sections should be cut 
through the base. These should include about an inch 
of the lower side wall. Two sections should be cut 
from duplicate bottles, one parallel to and the other at 
right angles to the mold seam. 


(5) Method of Cutting 


Sections are cut from the jar or bottle by means of a 
thin abrasive wheel or diamond-impregnated metal 
disk mounted in any suitable apparatus. Sections may 
also be cut by use of a hot-wire method. The suitable 
thicknesses are as follows: 

Flint or green tint: lem. + 0.2 
Amber, blue, or emerald green: 0.7 cm. = 0.2 


Continuous (unbroken) sections or rings are desirable 

8 For a discussion of flow of glass in bottlemaking, see 
(a) W. Eitel, ‘Processes of Flow in Automatic Working 
of Glass in Owens Process,’’ Glastech. Ber., 10 [3] 121-25 
(1932); Ceram. Abs., 11 [6] 356 (1932). 

(b) W. Eitel, ‘‘Flow Currents in Automatic Glasswork- 
ing in Owens Process: II, Special Current Configuration 
in Finished Bottles,’’ Glastech. Ber., 10 [9] 469-77 (1932); 
Ceram. Abs., 12 [1] 13 (1933). 

(c) W. Eitel, “Studies of Flow Conditions in Automatic 
Glassworking by Feeder-Fed (Lynch Process) Machines,” 
Glastech Ber., 11, 201 (1933). 

(d) W. Eitel, ‘‘Flowing Processes in Automatic Manu- 
facture of Bottles by Feeder Process with Owens Bottle 
Company Machine,” idbid., 12 [7] 222-27 (1934); Ceram 
Abs., 13 [11] 289 (1934). 
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for this examination whenever it is possible to get them. 
Breaking a ring may release some of the annealing 
strain which should be included in this examination. 


(6) Method of Examination 

With the Nicols crossed and the tint plate inserted, 
there are two “positions’’ of stress at right angles to each 
other in which the birefringence colors in the section 
areata maximum. (These positions are at a 45-degree 
angle to the vibration directions of the Nicol prisms.) 
When cords are parallel to one of these positions, the 
birefringence colors due to tension will vary from blue 
to yellow with increasing strain; this is usually re- 
ferred to as the “blue position.”” When cords are 
paraliel to the other position (90 degrees removed from 
the first), the birefringence colors due to tension will 
vary from red to white with increasing strain; this is 
called the ‘“‘orange position.”” The location of each po- 
sition must be determined for the instrument being used; 
this can be done by bending a piece of strain-free 
glass with the fingers and noting the colors that de- 
velop as stress increases. 

The section is placed in the immersion dish, covered 
with the immersion liquid, and the instrument is fo- 
cused. The entire section in both positions is exam- 
ined and the following locations are noted: location of 
the greatest tensile strain (1) on the outside surface of 
the specimen, (2) on the inside surface of the specimen, 
and (3) within the interior of the specimen. 

Compression stresses are ignored as such, but tension 
stresses induced by compression cords are included. 

All parts of the section are examined. When the 
sides of the ring are not perpendicular to the stage, the 
specimen or the dish must be tilted so that the line of 
sight is directly through the specimen. 

After the cords (or the cord) which show the maxi- 
mum amount of tension at the three locations are found, 
the tint plate, analyzer, and eyepiece are removed, and 
the quartz wedge assembly is installed. The wedge is 
adjusted (section removed), so that the zero graduation 
is on the cross hair, and the cap analyzer is turned until 
the black compensation band crosses the zero gradua- 
tion. The section is then examined at the positions of 
maximum tension. The displacement of the black line is 
read from the scale after moving the wedge to bring 
the displaced line to the zero position. The vertical 
thickness of the point at which the measurement is 
made is deterinined, and the stress is calculated. 


(7) Evaluation of Stress 

The relation between stress and birefringence is a 
property of the glass and is called the photoelastic 
constant or the stress-optical coefficient.® 

The stress-optical coefficient shall be determined for 
unknown glass, but 1 my of retardation per inch of light 
path may be taken to be equivalent to 2.2 p.s.i. for 
typical soda-lime and bottle glasses. (The value is 
2.17 before rounding off). 

* For a discussion of the physics involved, see A. J. 
Monack and E. E. Beeton, ‘‘Analysis of Strains and Stress 
in Glass, I-IV,”’ Glass Ind., 20 [4] 127-32; [5] 185-91; 
[6] 223-28; [7] 257-62 (1939); Ceram. Abs., 20 [3] 64 
(1941). 


(1944) 


TABLE I 

Covtor EQUIVALENTS WITH AND WITHOUT TINT PLATE 
Observed Color (Flint Glass Only) 

With tint plate 


Equivalent 
birefringence 
Blue position Orange position (my) 

Violet-red Violet-red 0 
Violet-blue (a) Red (a) 20 

(b) Dark blue Red-orange (b) 35 
Blue (c) Orange (c) 75 

(d) Blue-green Orange-yellow (d) 120 
Deep green (e) Gold-yellow (e) 150 

(f) Green Yellow (f) 180 
Pale green (g) Pale yellow (g) 220 

(hk) Yellowish green Yellow-white (h) 255 
Greenish yellow White 290 
Pale yellow Gray-white 330 


Without tint plate 


Equivalent 


birefringence 
Orange position (my) 
Gray 255 
Gray-yellow 290 
(j) Dirty yellow (j) 330 
(k) Dirty brown (k) 380 
(1) Brown-orange (l) 440 
(m) Brown-red (m) 480 
Violet-red (nm) 565 
(o) Blue-green (o) 675 


Letters (a) through (0) indicate most distinctive colors 
for various ranges. When using the tint plate in the 
orange position, if the color appears to fall between (c) 
and (e), switch to the blue position and see that the color 


is (d) 


The following convenient working formulas (1) and 
(2) may thus be used: 
2.2 X birefringence (my) 


thickness (in.) 1) 


Stress (p.s.i.) 
5.5 X birefringence (my) 


(2) 
thickness (cm.) 


Stress (p.s.i.) 


Note (1) 

For an unknown glass, the stress-optical coefficient, that 
is, the factor in formulas (1) and (2) may be determined by 
measuring the birefringence produced by a known applied 
stress on a convenient test specimen such as a rod or lath. 
Exact measurements of the stress-optical coefficients of 
several bottle glass compositions are now being made and 
will be available at a later date. 


Note (2) 

In formulas (1) and (2), no mention has been made of the 
unit of scientific literature for the stress-optical coefficient. 
This unit is the brewster. The fundamental relationship 
is given by formula (3) 


4 R 

KCd (3) 

R = retardation. 

K = proportionality factor to convert from absolute to 

gravitational units. 

C = photoelastic constant in brewsters. 

S = stress. 

d = thickness or light path. 


When R is in my, d in cm., S in bars, then K becomes 1, 
that is, stress is given directly in bars. 

When R is in mu, C in brewsters, d in in., and S in Ib. per 
sq. in., K becomes 0.1752. 

With R, C, and Sas above and d in cm., K becomes 0.0690 
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The stress optical coefficient for a certain soda-lime 
plate glass is 2.63 brewsters (the same approximate value 
is assumed for window and bottle glass). Using this value 
for C, the factors of 2.2 and 5.5 in the working formulas are 
obtained. 


Note (3) 

An estimate of the equivalent stress can be made at the 
selected locations by observing the color in the two posi- 
tions and referring to the color equivalent table (Table I). 
For most practical work and in those circumstances where 
greater accuracy is unnecessary, these estimates are satis- 
factory. With careful work and some practice, such esti- 
mates will be accurate to within +150 p.s.i. The use of 
the graduated quartz wedge is essential in scientific work 
and when greater accuracy is necessary. 


(8) Stress Index 

When the maximum tension stress has been deter- 
mined for each of the following locations: (1) outside 
surface, (2) inside surface, and (3) interior of section, 
each shall be weighted by the following respective em- 
pirical factors: 

(1) Multiply tension stress on outside surface by 1 

(2) Multiply tension stress on inside surface by ?/; 

(3) Multiply tension stress in interior by '/s. 

Whichever of these values is the largest is recorded* 
as the stress index of the ware or relative ware quality 
grading with respect to permanent cord and/or an- 
nealing tensile stresses. 


Note (1) 

Relatively high tensile stresses are permissible in the 
interior of glassware, which accounts for the small weight- 
ing factor of '/; for interior tensile stresses. Hull and Bur- 
ger'! suggest 2 kgm. per sq. mm. (about 2850 p.s.i.) asa safe 
value for glass-to metal seals. Breakage occurred at about 
twice this value. Tensile stresses of the same order are 
considered permissible for interior tension cords. 


(9) Standards of Ware Quality (with Respect to 

Permanent Stress) 

Either the stress index? or the individual tension 
values may be used to judge serviceability, inasmuch as 
permanent tensile strains in glass are an indication of 
the probable resistance of the ware to the temporary 
tensile stresses which may be imposed in service. 

The stress index may be used as a basis of specifica- 
tion for permanent or inherent stresses. The use and 
service conditions are the most important considera- 
tions in establishing specifications on this basis. Such 
specifications may also vary with size, weight, and de- 
sign of ware. As an example of the effect of service 
conditions, a carbonated beverage bottle for re-use ser- 
vice would require a lower stress-index specification 
than a single-trip, nonpressure container, subject to no 
thermal shock in use. 


1” A useful colored chart is found in A. F. Rogers and 
P. F. Kerr, Thin Section Mineralogy. McGraw-Hill Book 
Co., Inc., New York, 1933. 311 pp.; Ceram. Abs., 13 [3] 
71; [4] 104 (1934). 

* It is advisable also to record the results of the three 
original measurements for supplementary information. 

‘tA. W. Hull and E. E. Berger, ‘‘Glass-to-Metal Seals,” 
Physics, § [12] 384-405 (1934); Ceram. Abs., 14 [6] 136 
(1935). 

t It is a matter of experience that the stress index may 
have a value of several hundred p.s.i. without measurably 
weakening the container. 


Fic. 1.—Measuring apparatus 


Appendix A, Calibration of Quartz Wedge 

Many polarizing microscopes are supplied with a 
simple uncalibrated quartz wedge (about 4 orders) as a 
part of their standard equipment. Such wedges, prop- 
erly calibrated, are suitable for measuring retardation 
resulting from strains in glass and are more satisfactory 
for this purpose than estimation by color. 

(A) Method: Set the microscope up with the mag- 
nification as specified for the ring-section examination, 
with Nicols crossed and sensitive tint plate properly 
placed. Lay the quartz wedge to be calibrated upon 
the stage of the microscope so that the direction of its 
slow ray is at 90 degrees to the direction of the slow ray 
of the tint plate. (These directions are customarily 
indicated by arrows engraved on these accessories.) 
With the wedge in focus, move it across the stage in 
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the direction of its length until a dark gray (or blue- 
gray) band appears in the center of the field. (If the ob- 
servation is started from the thin end of the wedge, the 
colors observed in order will probably be pink, yellow, 
light gray, and dark gray (the band).- If the observa- 
tion is commenced from the thick end of the wedge, the 
first colors observed will be pastel shades.) The posi- 
tion of the center of the dark gray band is marked on 
the metal binding of the quartz wedge with a pencil or 
other convenient marking. (With a small amount of 
light from above as well as below the stage, the position 
of the pencil mark can be easily compared with the 
position of the center of the dark band.) If the wedge 
is not bound suitably for marking with pencil, a soft 
crayon may have to be used and the mark made.on the 
glass cover of the quartz wedge. This mark denotes the 
position for compensation of the tint plate. 

The wedge is now moved so that sections of increas- 
ing thickness are observed. The colors observed will 
be light gray, yellow, red, and blue. Make a second in- 
dexing mark at the position of the joining of the red 
and blue colors where the two seem to be mixed to- 
gether. 

The quartz wedge is now to be removed from the 
microscope stage. The distance between the two in- 
dex marks so made represents 565 my of retardation. 
This distance is measured and interpolated propor- 
tionately to obtain distances equivalent to 100, 200, 300, 
etc., my retardation. These calculated distances are 
laid off on a scale, starting at the compensation (zero 
point) of the wedge and progressing toward the thi k 
end of the wedge. A range up to 600 my is ample for 
ordinary work. The scale is continued toward the 
thin end of the wedge from the zero point by extrapola 
tion, using the same distances obtained above. 


Example: For one particular quartz wedge, the dts- 
tance between the compensation point and the red-blue 
boundary is 11.0 mm. Because this distance represents 
565 mu retardation, 100 units of retardation are found to 
be equivalent to 1.95mm. The scale then is set up, start- 
ing at the compensation point (dark gray band) and going 
in either direction 1.95 mm. per 100 mu of retardation. 


(B) Through (D) Methods: There are several satis- 
factory alternate methods of placing the scale on the 
quartz wedge other than using a diamond marking 
point. (B) The scale may be ruled on the wedge, 
using India ink or other suitable marking media. (C 
The scale may be ruled on a strip of transparent ad- 


(1944) 


hesive tape (Cellophane Scotch tape may be employed), 
which is then attached to the wedge after proper posi- 
tioning. (D) A small scale may be laid beside the 
wedge and the displacement measured on this, thus 
eliminating any need for marking the quartz wedge. 
In the event that alternative method (C) is chosen, 
care must be exercised that the tape covers ouly a 
small portion of the width of the wedge because these 
tapes are commonly birefringent in themselves; if the 
glass ring section is viewe« through them, the calibra- 
tion will be in error. In making up the scale, it is ad- 
visable to lengthen or otherwise denote certain of the 
graduation marks so that their value may be readily 
ascertained when they are viewed through the micro- 
scope. 

(E) Use: The most convenient method of use of this 
type of measuring apparatus depends on having an 
immersion dish slightly deeper than the width of the 
ring section to be examined and filling it with liquid 
(monochlorobenzene or other), just covering the sample. 
A rack in which the calibrated quartz wedge may slide 
is placed across the top of the dish to pass directly un- 
der the objective of the microscope and in the same di- 
rection as employed in calibrating the quartz wedge 
(with the slow ray of the wedge at 90 degrees to the slow 
ray of the tint plate). The wedge may be moved in 
this rack manually or mechanically as shown in Fig. 1. 
The ring section to be measured is placed in the dish 
and under the microscope so that the section seen is 
parallel to the position of the rack. With the quartz 
wedge so set that the zero position (compensation) is ob- 
served, the dark gray index line will not vary from this 
position as it crosses the glass section if there is no 
strain in the section. If there is strain (due to anneal- 
ing or cord), however, the dark line will depart from the 
zero position. The amount of displacement (in milli- 
microns equivalent) can be converted to stress by using 
formulas (1) or (2). The displacement representing 
tension will always be toward the thick end of the 
quartz wedge. 

To facilitate the observation of the displacement, an 
ocular having cross hairs may be used. The eyepiece, 
in this case, should be turned so that one of the cross 
hairs parallels the direction of the quartz wedge and the 
other (used for gauging the displacement) is at a 90- 
degree angle. 


PRESTON LABORATORIES 
BuTLerR, P&NNSYLVANIA 


| 


METHODS FOR TESTING CLEANER SOLUTIONS* 


By Epwarp C. SEABRIGHT 


ABSTRACT 


A study of methods for testing cleaner solutions was performed under plant conditions 


for a period of 18 months using three different commercial cleaners. 


The methods of 


performing the various accepted tests are described and the results are summarized. 
Methods for determining the amount of soap and free NaOH contained in the cleaner 


solution are also outlined. 


|. Introduction 

The enameler has found a source of annoyance in 
c_termining when the usefulness of a tank of cleaner 
becomes exhausted or when further additions of new 
cleaner material will aid or speed the cleaning operations. 

There is no practical test at the present time for 
cleaner exhaustion which will indicate the exact point 
at which replacement is necessary or the point at which 
further additions of new cleaner will materially aid its 
function. The majority of enamelers therefore choose 
a definite cleaner and by tests determine a safe period 
at which to replace the cleaner. This point is deter 
mined in many cases by the number of square feet of 
metal surface passed through the cleaner. The 
strength of the cleaner (generally in ounces per gallon) 
is determined either by titration, using a standard acid 
solution, or by the use of commercial cleaner testing 
pills. These tests at best, however, cannot be entirely 
satisfactory. 


ll. Review of Literature 

Little information is available in the literature on 
tests of cleaner solutions. Cosgrove! has described a 
test for measuring comparable speed of cleaning. The 
test is made by spotting a clean strip of steel with 
“used” transformer oil. The strip is immersed in a 
beaker containing a boiling solution of the cleaner to 
be tested, and the time required to remove the spot 
of oil from the strip is noted. Although this test may 
be satisfactory in evaluating differerit cleaners before 
trial production runs, it is not efficient in testing solu- 
tions that have been used in production cleaning be- 
cause such solutions become dark and cloudy after a 
few days of use, making it impossible to determine the 
time at which the oil spot disappears. 

Noble? has developed a test to determine the so- 
called ‘‘activity factor’ or the “‘available alkali.” In 
this test, a definite portion of the cleaner solution is 
titrated with a standard acid, first using phenol- 
phthalein indicator to its end point and then complet- 


* Presented at the Forty-Fourth Annual Meeting, The 
American Ceramic Society, Cincinnati, Ohio, April 22, 
1942 (Enamel Division). Received April 23, 1942; revised 
copy received October 25, 1943. 

! J. M. Cosgrove, ‘‘Spot Test as Aid in Rapid Evaluation 
of Cleaners,’’ Metal Cleaning Finishing, 10, 186 (March, 
1938). 

2 W. N. Noble, ‘‘Process Control,’’ p. 342. Chapter 
XVII, pp. 319-67, in Manual of Porcelaiz: Enameling 
(ed., J. E. Hansen). Enamelist Publishing Co., Cleveiand, 
Ohio, 1937. 


ing the titration with methyl orange indicator to its 
end point. The ‘‘activity factor” or ‘‘available alkali” 
is then calculated by the use of formulas (1) or (2). 


P 
70 P <x 100 = activity factor or % avail- 
able alkali (1) 
2x MO 
— X 100 = % inactivit (2) 
MO + P 
100°, — “@ inactivity = activity factor or % avail 
able alkali. 
P = cc. standard acid with phenulphthalein. 


VO 


cc. additional acid with methyl orange as indicator 


In calculation (2), Noble? uses differential calcula 
tion of alkalis to determine the ratio of the active 
sodium hydroxide and the inactive sodium carbonate in 
solution. 

Andrews’ has outlined a method of determining the 
strength in ounces per gallon of the cleaner in the solu- 
tion, and he states that a solution may have sufficient 
alkalinity and still not clean well because of an ex- 
cessive amount of oil and grease suspended in the 
cleaner. To test for these impurities, he suggests 
measuring the time required to clean one square foot of 
metal sheet which has been previously treated with oil. 


lll. Materials and Methods of Procedure 


Three commercial cleaners were used over a period of 
18 months. Each cleaner represented a different type 
and was used in production for several months so that 
all possible conditions might be encountered. The 
capacity of the tank used was 600 gallons. 

Material A was a mechanical mixture containing 
sodium resinate and a water-softening agent. Material 
B was an orthosilicate cleaner having no soap incor- 
porated in it but with 5% of a high-grade sodium 
resinate added at the start of each new charge. Material 
C was known as a hexasilicate cleaner having 5% of 
sodium resinate incorporated in it. 

Care was taken in sampling the cleaner to approxi- 
mate the same conditions as nearly as possible each 
time a sample was taken. Three conditions were im- 
portant, namely, (1) that the solution be at the proper 
height in the tank, (2) that it be boiling with approxi- 
mately the same vigor, and (3) that each sample be 
taken from approximately the same location in the tank. 


3A. I. Andrews, Enamels, pp. 101-103. Twin City 
Printing Co., Champaign, IIl., 1935. 428 pp.; Ceram. Abs., 
14 [7] 158 (1935) 
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A 200-cc. sample was taken and allowed to cool to 
20°C., after which time the amounts necessary for the 
various tests were removed with a pipette during 
constant stirring. 


(1) Sheet-Cleaning Test 

It was necessary to have some criterion as to when a 
tank of cleaner was ready to be replaced or when further 
additions of cleaner would not materially aid or speed 
the cleaning operations. Inasmuch as the author had 
been using the “‘sheet-cleaning test’’ for this purpose 
previously with fairly good results, that method was 
chosen for use during this study. 

Two sets of six sheets of enameling iron, 8 by 9 in. 
in size, were used. A wire 2 ft. long was attached to 
each sheet to aid in handling it during the tests. The 
sheets were placed in an open-framed steel basket 
equipped with individual vertical tracks which spaced 
the sheets | in. apart and allowed them to be easily 
removed. 

The sheets, which had been previously cleaned, were 
prepared for the test b, immersing them in an easily 
saponifiable die lubricant and allowing them to drain 
and dry for 48 hours. The die lubricant was cut with 
three parts of water. 

The test was performed as follows: The basket con 
taining the six sheets was immersed in the cleaning 
solution. At the end of an allotted time, the first sheet 
was removed and immersed in a tank of boiling water 
where it was rinsed for 10 seconds with an up-and-down 
motion. It was then immersed in a 5% sulfuric acid 
bath at 150°F. where it remained for another 10 sec 
onds, after which it was rinsed in clear cool water for 10 
seconds more. The sheet was then inspected for water 
breaks, and it was considered to be clean if none ap- 
peared within 30 seconds. In case of water breaks, the 
subsequent sheets were removed at regular time inter 
vals and passed through the same cycle until no water 
breaks occurred. At this point, the time of cleaning was 
noted. 


(2) Strength of Cleaner and Surface Cleaned 

This test is one used most frequently in the industry 
for testing the strength (total alkalinity) of cleaners. 
The cleaning solution was sampled as described pre 
viously and a 10-cc. portion of the sample was titrated 
with an acid (either HCl or H2SO,), which had been 
standardized in ounces per gallon of the cleaner tested. 

As mentioned before, many enamelers use the total 
surface cleaned as a basis to determine the safe point 
at which to replace a tank of cleaner. A daily and ac 
cumulated record was therefore made of the number of 
square feet passing through the tank. 


(3) Available Alkali Test 


Noble? has stated that many enamelers use differen 
tial titration of alkali in order to determine the so 
called activity and inactivity factors. Phenolphthalein 
and methyl orange indicators are used in this test in 
conjunction with other during the titration. 
The phenolphthalein indicates all of the sodium 
hydroxide and one half the carbonate contained in 


each 
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the solution, and the amount of NaOH and Na,CO; 
can be calculated. The percentage of NaOH was 
termed as the available alkali or activity factor. 
To assume that all material indicated by phenol- 
pkthalein in a cleaner solution is NaOH is not entirely 
correct. In cleaners B and C, the phenolphthalein 
indicates all of the so-called orthosilicate and 
hexasilicate, which dissociate very slowly, and actu- 
ally only a very small part is NaOH. The phenol- 
phthalein in material A indicates not only the 
silicates but also the free caustic soda, trisodium phos- 
phate, and other ingredients contained in the mixture. 
It is not entirely incorrect, however, to say that this 
is the available alkalinity because the materials indi- 
cated by the phenolphthalein are the materials which 
dissociate to form the sodium hydroxide of the cleaner. 

The available alkalinity test was performed by titrat- 
ing with a normal sulfuric acid solution, using phenol- 
phthalein and methyl orange as indicators. The 
available alkalinity was calculated by using equations 
(3) and (4) 

(a — 2b) 


x N NaOH /(1 X 1000) 


100 = 
available alkalinity or activity factor (3) 
2b X N XK NasCO;/(2 1000) 
xX 100 = NasCO, 
or inactivity factor (4) 
a = cc. of acid (phenolphthalein) 
b = additional cc. of acid (methyl orange) 
2) = amount of CO, 
a — 26 = amount of NaOH 
N = acid solution normality 
W = sample dry wt 


(4) Test Methods A and B 


Two methods were used to analyze the solution for 
the soap content. 

(A) Soap Test Method A: 100 cc. of the cleaner sample 
were measured in a pipette, and 10 cc. of sulfuric acid 
were added to the filtrate with constant stirring, which 
converted the soapy material into the readily soluble 
fatty acids (abietic, oleic, stearic, and palmitic acids). 
The filtrate was then transferred to a 500-cc. separatory 
funnel, and 100 cc. of carbon tetrachloride were added 
The two liquids were shaken together violently for ap 
proximately five minutes and then allowed to separate. 
The carbon tetrachloride containing the dissolved fatty 
acids formed a separate layer at the bottom and was 
drawn off into a weighed electrolytic beaker, evapo 
rated to dryness, cooled, and weighed. Because the 
molecular weights of the soluble fatty acids are nearly 
the same and in order to simplify caiculations, all of 
the residue was considered to be oleic acid. The 
weight of the residue was therefore multiplied by 1.078 
(conversion factor to soap) to determine the percentage 
of soap. 

(B) Free Alkali and Soluble Soap Test Method B: 
Inasmuch as the differential titration of alkali of the 
cleaner solution does not give a true measure of the 
free alkali contained in the solution, the following 
method was used to determine the free sodium hydrox 
ide As part of this method, the amount of soluble 
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TABLE I 


REPRESENTATIVE DaAILy RESULTS OF CALCULATED PERCENTAGE OF AVAILABLE ALKALI 


Material C 


No. of days Material A Material B 
l 41.9 37.4 74.5 72.8 74.2 74.5 63.9 
2 38.9 43.7 72.9 66.2 74.6 73.0 74.8 60.0 65.0 
3 40.5 37.6 72.1 73.0 73.0 70.6 72.5 62.5 
4 36.4 35.6 71.3 71.1 70.6 60.9 62.2 
5 36.9 38.1 71.3 71.1 69.2 71.7 60.0 61.8 
6 36.8 37.3 71.9 71.0 67.0 70.9 58.0 61.3 
7 37.8 72.2 70.8 69.0 67.7 58.9 59.8 
8 36.8 37.7 68.3 72.9 72.8 67.7 69.3 57.2 62.5 
9 35.9 36.5 69.2 71.3 71.5 64.0 70.8 54.7 56.3 
10 36.4 37.1 64.8 70.3 71.3 64.1 69.5 56.7 56.2 
11 34.4 36.4 64.1 70.5 70.0 66.3 67.8 53.3 56.2 
12 34.4 35.8 65.0 68.2 71.0 64.2 69.7 54.6 54.5 
13 36.8 37.8 65.8 67.8 71.0 63.8 68.0 55.1 54.0 
14 32.6 36.7 63.2 68.7 68.3 63.2 67.2 54.2 53.0 
15 32.8 65.0 67.7 69.8 62.0 67.1 51.3 53.0 
16 33.3 36.1 63.7 65.1 65.7 60.1 67.4 52.1 52.9 
17 32.4 35.8 65.0 66.8 62.0 67.8 50.7 51.4 
18 30.6 35.6 61.9 66.0 63.4 59.8 66.9 49.1 50.5 
19 32.5 35.4 62.1 65.5 64.2 57.0 67.5 47.8 48.5 
20 30.5 33.6 62.8 67.3 64.0 59.8 66.1 46.4 49 ] 
21 31.7 33.8 60.2 66.9 65.2 58.7 55.5 58.7 48.1 
22 28.8 32.8 59.2 65.5 64.5 57.7 64.8 49.1 46.2 
23 31.2 33.2 56.9 64.1 63.4 54.7 63.8 48.9 45.7 
24 30.0 32 1 58.7 65.0 64.4 58.8 63.3 48.4 45.2 
25 30.5 57.9 65.0 61.8 59.0 65.0 45.7 45.5 
26 29.7 30.6 58.3 64.3 61.7 55.8 61.7 46.8 43.2 
27 30.1 57.4 65.5 60.2 57.1 46.4 44.9 
28 29.6 31.0 56.2 64.0 60.5 53.8 63.7 47.1 38.9 
29 55.3 64.9 60.4 55.2 59.8 44.9 40.8 
30 28 .( 54.5 61.5 58.3 53.9 58.2 44.5 39.9 
31 29.2 27.9 52.2 60.8 58.5 54.6 58.1 44.8 
32 29.3 61.1 62.5 55.6 52.7 58.9 43.5 
33 33.9 55.2 60.1 54.7 53.8 58.9 43.1 
34 28.5 29.5 51.8 60.8 55.2 53.8 60.0 41.8 
35 25.0 29.6 54.3 60.4 55.5 52.8 40.8 
36 53.2 61.4 52 §2.3 40.0 
37 26.9 54.5 61.4 54.0 52.4 40.0 
38 37.7 52.8 59.4 50.6 38.7 
39 58.1 49.8 42.7 
40 56.8 48.3 40.9 
41 60.3 48.7 40.9 
42 57.9 50.0 40.3 
4: 48.0 39.3 
44 45.6 39.9 
45 43.8 36.8 
46 46.0 39.4 
47 44.7 40.3 
48 43.5 37.8 
49 43.5 37.7 
50 43. 37.1 
51 37.0 


soap contained in the solution can also be determined. 

Exactly 100 cc. of the sampled cleaner were weighed ; 
the sample was filtered to remove the insoluble material, 
and the filter paper was washed three or four times with 
hot water to remove all traces of soap and alkali. The 
filtrate was collected in a porcelain casserole and evap- 
orated to dryness. (Care must be taken near the end 
of the evaporation not to char or dehydrate the residue.) 
To the residue was added 25 cc. of absolute methyl 
alcohol, and the mixture was heated slightly and 
stirred (98% ethyl alcohol may be substiuted for 
methyl alcohol). Only the soap and sodium hydroxide 
are soluble in the warm alcohol and are dissolved out. 
The solution was then decanted off through a filter, 
and the filtrate was collected in a weighed electrolytic 
beaker. Further additions of alcohol were made to 


the evaporating dish and the same procedure was 
followed until the alcohol came off without any dis- 
coloration. The filter paper was then washed with 
three or four small portions of hot alcohol. (As the 
soap is leached out, the residue becomes hard and lumpy. 
It is necessary to pulverize the lumps with a pestle 
in order to insure complete solution of the sodium 
hydroxide and the soap.) The filtrate, which contains 
all of the soap and sodium hydroxide of the cleaner 
solution, was then evaporated to dryness (not over 
105°C.), cooled, and weighed. The residue was again 
dissolved in about 55 cc. of absolute methyl alcohol, 
and the solution was titrated for sodium hydroxide 
with a standard sulfuric acid solution and phenol- 
phthalein as an indicator. The sodium hydroxide was 


then calculated from equations (5), (6), and (7). 
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NaOH 


axXNxX I x 1000 = NaOH wt. (5) 
NaOH wt: X 100 = % NaOH or free alkali (6) 
NaOH wt. + soap — NaOH wt. x 100 = % soap (7) 
W 
a = standard acid (cc.). 
N = acid normality. 
W = sample wt. 


IV. Test Results 


(A) Sheet-Cleaning Test: All of the cleaners tested 
had different speeds of cleaning. Material A cleaned 
rapidly at the start of a new tank of solution, After 
a few days of rapid cleaning, the time of cleaning in- 
creased slowly until it reached 10 minutes. No fur- 
ther additions of fresh cleaner or additional time in the 
solution at this pint would cause the solution to clean 
the test sheet; therefore, when material A did not clean 
within 10 minutes it was considered to be exhausted 
and was discarded. 

Material B was very erratic in its cleaning time, vary 
ing from one to six minutes from day to day. It was 
found that if the sheet was not cleaned in six minutes 
no additional time or further additions of fresh material 
B would clean the sheet. It was discovered, however, 
that by adding about 3% of the cleaner content of 
fresh sodium resinate the solution would begin to clean 
again and continue to clean for some time without fai!- 
ure. Because of the ability of the sodium resinate to 
rejuvenate the solu.rion, it became standard practice 
to add 3% of sodium resinate after the accumulated 
daily addition had reached 100 lb. of the material. 
When material B would not clean the test sheet in 
six minutes and no further addition of frest, material or 
of sodium resinate would rejuvenate it, the cleaner 
solution was considered exhausted and was discarded. 

Material C was similar to material B in its action 
inasmuch as it also was erratic in its cleaning time and 
would react to additions of sodium resinate when the 
maximum cleaning time was reached. The benefac- 
tion by the sodium resinate, however, was not so pro 
nounced as that for material B, probably because the 
latter material had no sodium resinate incorporated 
in it whereas material C contained 5% of the resinate. 
The maximum cleaning time for material C was eight 
minutes, after which no additional time would clean 
the sheet. Here again when no further additions of 
fresh material or fresh sodium resinate would rejuvenate 
the cleaner solution, it was considered to be exhausted 
and the tank of material was discarded. 

Failure to clean the test sheets in this test does not 
mean that failure also occurred in regular production 
rums at this time, probably because the production 
ware was not coated with so great an amount of die 
lubricant and therefore was more easily cleaned. Be 
cause additional time would not clean the heavier 
coated test sheet, it was assumed that the cleaner 
solution was in danger of failure. 

(B) Strength of Cleaner Test (Total Alkalinity): 
This test measured the total alkalinity of the solution 
in ounces per gallon and was made primarily to deter 
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able alkali using material B. 


mine the daily additions of fresh cleaner to the tank. 
The test was performed once a day, and the daily addi- 
tion was calculated from the results. 


(C) Total Surface Cleaned and Available Alkali 
Tests: Considerable variation was encountered in 
determining the available alkali or activity factor. Not 


only did each type of cleaner have a different range of 
activity, but in some cases the final activity factor varied 
considerably from one tank to another for the same type 
of cleaner. Table I, which gives the daily calculated 
percentages of available alkali of the different materials, 
shows the variation encountered in determining the 
available alkali. 

Figures 1, 2, and 3 show an attempt to correlate the 
available alkali or activity factor with the number of 
square feet processed. These curves also indicate the 
variation encountered in determining the available 
alkali. The slopes of the different curves show little 
or no similarity, which indicates the impossibility of 
using the relation between activity and total surface 
cleaned as a means of making additions of fresh cleaner 
to the tank or of determining the point of exhaustion of 
the solution. 
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Different rates of production were encountered be- 
cause this study was carried out over several months. 
During slow production periods, fewer feet of ware 
passed through the tanks daily than during higher 
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production periods. The cleaner solution under high 
production would naturally become exhausted in a 
shorter length of time than one under low production. 
In order to determine whether the length of time a 
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cleaner solution remains in use has any influence on its 
life, the activity and the actual boiling or cleaning 
times of the cleaner solution were compared. 

Figures 4, 5, and 6 show the correlation between 
the number of hours worked and the available alkali. 
These curves represent the same tanks of cleaner used 
in Figs. 1, 2, and 3, which were representative of tanks 
of cleaner tested during both high and low production. 
Again there was no similarity in the slopes of the curves, 
but the range of variation was considerably less than 
the variation when using area of surface. Figures 3 
and 6 indicate clearly the decrease in range of variation 
using the time relation. Figure 6 shows two curves 
nearly common to each other at any particular number 
of hours worked, whereas Fig. 3, which represents the 
same two tanks of cleaner used in Fig. 5, shows 4 to 5% 
of variation for any particular number of square feet 
cleaned. Length of service in itself, however, cannot 
be used as a basis to determine cleaner exhaustion be 
cause, as shown in Figs. 3 and 6, the tank of cleaner 
which operated under curtailed production cleaned 
150,000 sq. ft. of ware in 500 hours and the tank of 
cleaner operating at higher production cleaned 147,000 
sq. ft. in 320 hours. 

(D) Soap and Free Alkali Tests: Figures 7 and 8 
show the results obtained by determining the amount 
of soap contained in the cleaner by method A. The 
slopes of the curves show that the amount of soap con 
tained in the cleaner slowly increases as the amount of 
ware passing through the cleaner increases. The rate 
of increase is faster in the case of material C, which had 
the resinate incorporated in it, than material B, which 
consisted of cleaner alone. This difference may ac 
count for the fact that the reaction to the addition of 
sodium resinate to the cleaner as a rejuvenator was 
more pronounced in material B than in material C. 

The increase in soap would tend to support the theory 
that the soap builds up in a cleaner solution by the in 
troduction of vegetable oils contained in the die lubn 
cants. It does not, however, explain why addi 
tions of fresh sodium resinate tend to rejuvenate a 
c*-aning solution of materials B or C after the solution 
has apparently stopped cleaning. The soap results 
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obtained from method B coincided with the results ob- 
tained by method A as far as the general slope of the 
curve is concerned, but a slightly greater amount of 
soap was obtained by method B. The amount of soap 
obtained ranged from 0.4 to 0.5% at the start of a fresh 
tank to 1.2 to 1.3% at its finish. 

In conjunction with the soap test method B, the 
actual percentage of free alkali or sodium hydroxide 
was determined. It is apparent from this test that 
only a small percentage of the cleaner dissociates to 
form NaOH at any one time, namely, 1.4 to 1.5% of 
the total weight of the solution. The extent of disso 
ciation slowly decreases during the use of the cleaner 
until a point is reached where the amount of free NaOH 
apparently is not sufficient to promote chemical clean- 
ing, and the solution becomes exhausted. 


V. Conclusions 

(1) The total alkalinity content of a cleaning solu 
tion in ounces per gallon can be used only to determine 
daily additions of fresh cleaner to the bath. It cannot 
be used as a basis to determine cleaner exhaustion. 

(2) The number of square feet of steel passed through 
a cleaner solution cannot be used as a definite basis to 
determine cleaner exhaustion. 

(3) The percentage of available alkali cannot be 
used as a definite basis to determine cleaner exhaustion, 
but it does indicate the time at which the danger of 
cleaner failure becomes greater. 

(4) There is neither a true relation between the 
square feet of metal surface cleaned and available al- 
kali nor between the hours worked and available 
alkali. 

(5) The sheet-cleaning test is by far the most accu 
rate in determining the ability of a cleaning solution to 
clean and may, in itself, be used as a means to deter- 
mine the life of a cleaner. 

(6) Soap has the power to rejuvenate a cleaner if 
enough free alkali is still present in the solution to 
promote chemical cleaning. 
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